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El topillo campesino es un pequeño roedor herbívoro, que prefiere alimentarse de vegetación 
verde. En la Península Ibérica se encontraba restringido originalmente a las áreas montañosas 
de la mitad norte, pero a finales de los 1970s empezó un proceso de expansión que le llevaría 
a colonizar totalmente Castilla y León en poco más de 20 años (Capítulo 1). Está rápida 
expansión no parece estar ligada a las tendencias climáticas observadas durante el periodo de 
estudio (1962-2002). Algunas tendencias podrían haber favorecido la expansión (incremento 
de temperatura invernal; Capítulo 2), mientras que otras no (reducción en precipitación 
invernal y estival, incremento de temperatura estival; Capítulo 2). Por otra parte los cambios 
en usos del suelo durante el mismo periodo fueron profundos y probablemente favorecieron 
la expansión del topillo, especialmente el incremento en la superficie de cultivos irrigados y 
alfalfas, y posiblemente también la reducción de ganado criado en extensivo y la 
homogeneización del medio agrario (Capítulo 2). 
Con su llegada a las llanuras agrícolas de Castilla y León la especie empezó a exhibir 
explosiones demográficas de gran amplitud, con una periodicidad aparente de 5 años (Capítulo 
1). Estas explosiones demográficas han causado importantes daños en agricultura y problemas 
sanitarios, llevándose a cabo campañas para su control basadas en el uso de veneno. Debido a 
los daños que la especie produce en la agricultura, así como por los costes que las campañas 
de control generan, poder predecir cuándo y dónde se va a producir una plaga de topillo 
campesino permitiría una actuación temprana con los beneficios que esto conlleva. En la 
Península Ibérica las plagas de topillo ocurren en años con mayor crecimiento vegetativo del 
normal en verano (medido mediante el índice NDVI), y dado que el crecimiento vegetativo está 
muy relacionado con la climatología se evaluó si sería posible predecir plagas de topillo 
campesino mediante variables climáticas. El modelo más simple para la predicción de plagas 
de topillos (a nivel regional) está basado en la precipitación primaveral superior a la media 
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(esta variable está también incluida en los modelos más complejos). La capacidad de predecir 
una plaga de topillo campesino es muy positiva, pero el conseguir esa predicción al final de la 
primavera podría limitar la efectividad de las medidas a tomar (Capítulo 3). Conseguir una 
predicción más temprana sería probablemente más útil, pero para ello se necesita más 
investigación. 
Un conocimiento más preciso de las fluctuaciones demográficas del topillo campesino 
también podría ayudar a la prevención temprana de las plagas producidas por la especie a 
nivel más local, así como a una aplicación de medidas de control con menos efectos negativos 
sobre el entorno. Para monitorizar poblaciones de roedores a gran escala lo eficiente es 
emplear índices indirectos de abundancia. Al inicio de esta tesis no existía ningún índice que se 
hubiera validado científicamente en España, por lo que se decidió realizar esta validación para  
ratificar su utilización para medir la abundancia de topillo campesino en medios agrarios 
castellanoleoneses. El resultado fue el índice PSpS (Presence of Signs per Square), que 
mediante la medida de presencia/ausencia de distintos indicios de actividad del topillo 
campesino (pastoreo y excrementos), permite medir de forma fiable la abundancia de topillo 
campesino a densidades medias-bajas (hasta los 70-100 topillos/ha, Capítulo 4a). Estas 
densidades se encuentran dentro del rango en el que se ha considerado en ciertos trabajos 
técnicos que se debería iniciar tratamiento (50 topillos/ha en invierno;  Arenaz, 2006).  
Durante la elaboración de la tesis, el Ministerio de Agricultura, Alimentación y Medio 
Ambiente publicó un índice indirecto (índice MI), recomendado para evaluar la abundancia del 
topillo campesino. Realizamos un estudio específico para compararlo con el índice PSpS 
desarrollado en esta tesis, comprobando que ambos estaban muy relacionados entre sí, pero 
que las estimas de densidad producidas a bajas abundancias de topillo campesino eran mucho 
mayores (unas 14 veces más) con el índice MI que con PSpS (Capítulo 4.2). Esto indica que el 
índice MI, tal y como se ha planteado, no sería adecuado para monitorizar al topillo campesino 
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en condiciones de baja densidad, pudiendo su uso llevar a realizar campañas de control de las 
poblaciones de topillo campesino innecesarias por sobreestimación de densidad.  
Las campañas de control químico, habitualmente utilizadas para controlar al topillo 
campesino, tienen un alto coste y pueden causar importantes daños al medio  ambiente. 
Debido a los daños colaterales que pueden causar hay una tendencia global a disminuir la 
dependencia del control químico en la gestión  de plagas de roedores, especialmente en 
Europa, donde el número de sustancias aprobadas para protección de cultivos tiende a 
reducirse (European Parliament and of the Council, 2006). Teniendo esto en cuenta, es 
recomendable estudiar la viabilidad de otras medidas de control del topillo campesino, como 
por ejemplo maneras de aumentarla densidad local de depredadores aéreos (Haim et al., 
2007; Paz et al., 2013). En el último capítulo de esta tesis estudiamos la eficacia de 
incrementar las poblaciones de depredadores aéreos mediante la instalación de cajas nido 
para disminuir las abundancias de topillos, midiendo la abundancia de topillo campesino 
alrededor de dichas cajas nido usando índices indirectos basados en PSpS. Pudimos observar 
que la abundancia de topillo campesino cerca de cajas nido ocupadas era menor que lejos de 
las mismas (Capítulo 5), apoyando que suplementar cajas nido en áreas con escasez de lugares 
de nidificación puede actuar como control biológico de las poblaciones de topillo campesino a 
nivel local , siendo por lo tanto una pieza valiosa en cualquier estrategia de control integrado 








Los roedores han acompañado a la humanidad desde los albores de la civilización, los casos 
más evidentes siendo las especies comensales, como el ratón común (Mus musculus, Linnaeus 
1758), la rata negra (Rattus rattus, Linnaeus 1758) o la rata parda (Rattus norvegicus, 
Berkenhout, 1769) que se han extendido por el mundo siguiendo al hombre (Boursot et al., 
1996; Lack et al., 2013). Al estar tan estrechamente ligados al hombre el impacto sanitario 
potencial que las distintas especies de roedores tienen es muy importante, ya que pueden 
ayudar a la transmisión de distintas enfermedades, siendo el caso más famoso su papel en la 
transmisión de la peste negra durante la edad media (Pfeffer, 2010), pero pueden ser 
portadores de una gran variedad de enfermedades como fiebres hemorrágicas, distintos tipos 
de encefalitis, tularemia o síndromes pulmonares provocados por Hantavirus entre otras 
muchas enfermedades más o menos graves (Mills and Childs, 1998; Meerburg et al., 2009). A 
esto hay que sumar su impacto sobre la agricultura, ya que provocan graves daños que se 
estiman en miles de millones de euros a nivel global todos los años (Pimentel et al., 2000; 
Stenseth et al., 2003; Jacob and Tkadlec, 2010). Pero además de este perjuicio económico, los 
productos agrícolas destruidos por roedores anualmente podrían alimentar a millones de 
personas, por ejemplo solo las pérdidas anuales de arroz en Asia podrían alimentar a unos 200 
millones de personas (Stenseth et al., 2003). Sin olvidar otros problemas que los roedores 
comensales pueden causar en el entorno humano que habitan, entre otros provocar incendios 
al roer la instalación eléctrica (Pimentel et al., 2000).  
Teniendo en cuenta estos factores es normal entender la importancia de controlar las 
poblaciones de roedores para reducir su impacto. Las medidas más comunes de control son el 
tratar de reducir la capacidad de los roedores de acceder a alimento almacenado, o 
eliminarlos, ya sea mediante el uso de métodos mecánicos de control (trampas), mediante 
control químico (uso de rodenticidas, especialmente anticoagulantes en Europa), el uso de 
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control biológico (gatos, perros, depredadores aéreos) o la gestión del hábitat a escala de 
paisaje para reducir la disponibilidad de alimento y refugio o favorecer a sus depredadores. A 
pesar de la amplia variedad de métodos disponibles para su control los roedores siguen 
provocando importantes daños. Para tratar de reducirlos se ha empezado a aplicar una nueva 
metodología de control, basada en el conocimiento de la dinámica poblacional de la especie de 
roedor que se quiere controlar, para así emplear aquellas medidas de control más adecuadas 
en el momento del ciclo poblacional en el que tengan más efecto, obteniendo así un 
tratamiento más eficaz con menores costes. Esta nueva aproximación al control de roedores se 
denomina manejo de roedores plaga basado en el conocimiento ecológico (ecologically based 
management of rodent pests, EBMRP por sus siglas en inglés) (Singleton et al., 1999). 
Con un mejor conocimiento de la ecología de la especie que se pretende controlar se 
puede hacer un control más eficaz de la misma, pero para ello es necesario poseer 
herramientas de monitorización adecuadas, que permitan evaluar el tamaño de las 
poblaciones de la especie de forma eficiente a la misma escala que esta puede afectar. 
También es importante estudiar la dinámica poblacional de la especie para saber cuándo es 
más efectivo aplicar medidas de control, que variará dependiendo de las características 
ecológicas de la especie plaga. Si la especie causa daños todos los años habría que encontrar el 
momento del ciclo anual en el que es más eficiente combatirla, con una especie que produce 
plagas cada pocos años serían necesarias herramientas que permitiesen anticipar la plaga para 
poder combatirla con más eficiencia, sin malgastar recursos aquellos años en los que no se 
espere plaga. Por último, en varias especies de roedores es común la existencia de ciclos 
demográficos regulares, de forma que cada cierto número de años se produce una importante 
explosión demográfica, seguida de una fase de colapso poblacional rápido y profundo. Conocer 




El topillo campesino (Microtus arvalis Pallas, 1778) es un pequeño roedor herbívoro, 
que tiene preferencia por la vegetación herbácea verde, pudiendo ocupar una gran variedad 
de hábitats con este tipo de vegetación, desde prados montanos hasta llanuras cerealistas 
(Gonzalez-Esteban and Villate, 2007; Amori et al., 2008; Jacob et al., 2013). El topillo 
campesino es una especie semifosorial  que vive en galerías subterráneas, pero se alimenta 
principalmente en superficie. Es una especie con una gran capacidad reproductiva, ya que en 
condiciones favorables puede reproducirse durante todo el año y las hembras paren entre 2 y 
11 crías, tras una gestación de entre 21 y 22 días, adquiriendo las hembras la madurez sexual 
durante el primer mes de vida y los machos en el segundo (Gonzalez-Esteban and Villate, 
2007). En consecuencia,  en menos de dos meses puede haber una nueva generación. La 
especie es territorial en condiciones de baja abundancia, pero esa territorialidad se relaja en 
condiciones de alta densidad creándose colonias de individuos emparentados, lo que facilita la 
generación de poblaciones con altísima densidad (Gonzalez-Esteban and Villate, 2007; Jacob et 
al., 2013).  
Este roedor presenta una amplia distribución, que abarca desde la mitad norte de 
Península Ibérica hasta oriente medio y el centro de Rusia, aunque está ausente de la mayor 
parte del sur de Europa, así como de Fenoscandia y el norte de Rusia (Fig. P1). En gran parte de 
su área de distribución el topillo campesino presenta poblaciones con ciclos multianuales, 
siendo capaz de superar los 2000 topillos/ha en hábitats favorables durante años de máximo 
demográfico (Jacob et al., 2013). En las poblaciones con ciclos multianuales los máximos 
demográficos aparecen normalmente cada 3-5 años, aunque la periodicidad  puede variar 
entre 2 y 10 años o incluso hay casos de máximos poblacionales todos los años en medios 
particularmente favorables (Mackin-Rogalska and Nabaglo, 1990; Delattre et al., 1999; Tkadlec 
and Stenseth, 2001).  La amplia distribución, la dieta herbívora y las altas densidades que 
puede alcanzar en años de pico hacen que el topillo campesino pueda causar importantes 
daños en los cultivos que habita, por lo que está considerado el vertebrado más perjudicial 
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para la agricultura de Europa (Jacob and Tkadlec, 2010). Las elevadas densidades que puede 
alcanzar, unido a sus hábitos de alimentación en superficie (Jacob et al., 2013),  convierten al 
topillo campesino en una especie presa muy común en aquellas áreas donde está presente, 
tanto para depredadores aéreos (cernícalos, ratoneros, milanos, elanios o lechuzas, entre 
otros), en los que puede llegar a representar la mayor parte de su dieta (Paz et al., 2013), 
como para numerosos depredadores terrestres (comadrejas, turones, zorros o gatos entre 
otros) (Gonzalez-Esteban and Villate, 2007). 
 
Figura P1. Distribución mundial del topillo campesino. Mapa elaborado a partir de datos de la IUCN 
(http://maps.iucnredlist.org/map.html?id=13488) y Eurostat (http://epp.eurostat.ec.europa.eu/portal/ 
page/portal/gisco_Geographical_information_maps/popups/references/administrative_units_statistical
_units_1). 
La distribución del topillo campesino en España, hasta la segunda mitad del siglo XX, se 
encontraba restringida a las zonas montañosas de la mitad norte de la Península Ibérica, 
siendo los conflictos con agricultores y ganaderos prácticamente inexistentes (Luque-Larena et 
al., 2013, Capítulo 1), aunque hay referencias a problemas locales causados por otras especies 
de topillos desde hace siglos (D.L.M., 1806; Lafuente y Poyanos, 1807; Diaz, 1879; Avellán, 
1899). Pero al final de la década de los 70 la especie aumentó su área de distribución, pasando 
a colonizar la mayor parte de las llanuras agrícolas de Castilla y León, unos 50000 km2, en 
menos de 30 años (Luque-Larena et al., 2013, Capítulo 1). Desde su llegada a las llanuras 
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agrícolas castellanoleonesas la especie pasó a ser considerada una plaga, pues las explosiones 
demográficas que empezó a producir en áreas agrícolas causaron importantes daños en 
agricultura a nivel regional  (Jacob and Tkadlec, 2010; Luque-Larena et al., 2013, Capítulo 1).  
Para reducir los daños causados en agricultura por las plagas de topillo, desde el inicio 
de la década de 1980, se han empleado principalmente campañas de control químico (Luque-
Larena et al., 2013, Capítulo 1), basadas en el uso de rodenticidas anticoagulantes, aunque 
también se han empleado otras medidas como retirar la vegetación en reservorios potenciales 
de topillos (p.ej. lindes, arroyos,…), mecánicamente o mediante quemas, o labrar las parcelas 
en otoño. Desgraciadamente estas medidas de control han tenido un impacto negativo en el 
medio ambiente (envenenamiento de especies no diana y de depredadores, efectos 
potenciales de las quemas o limpiezas de lindes sobre otras especies,…) (Vidal et al., 2009; 
ASAJA, 2012; Sánchez-Barbudo et al., 2012; Luque-Larena et al., 2013, Capítulo 1). Si a los 
problemas agrícolas y medioambientales causados por las plagas de topillo campesino y su 
control se suma del papel que pueden tener los topillos en la transmisión de distintas 
enfermedades (Gonzalez-Esteban and Villate, 2007), en particular la tularemia (Vidal et al., 
2009; García San Miguel et al., 2013). Durante la última gran plaga de topillo campesino en 
2007 el uso generalizado de rodenticidas, incluyendo la distribución en superficie, en las 
grandes extensiones de terreno afectadas por la plaga, causo importantes daños ambientales e 
incluso pudo contribuir a la difusión de la tularemia, por lo que fue objeto de críticas desde el 
ámbito científico (Olea et al., 2009; Delibes-Mateos et al., 2011; Jubete, 2011; Ferreira and 
Delibes-Mateos, 2012). Esta situación estimuló el desarrollo de varios proyectos de 
investigación encaminados a aportar información para ayudar a resolver este conflicto, 
mejorando la gestión de plagas de topillos, en cuyo seno se ha desarrollado esta tesis doctoral. 
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Estructura de la tesis y objetivos 
En definitiva, el topillo campesino se ha convertido en un problema importante para Castilla y 
León y las regiones próximas, por los daños en agricultura que causan sus explosiones 
demográficas, unido a los problemas sanitarios y medioambientales que las caracterizan. Pese 
a la importancia que ha adquirido la especie, el conocimiento sobre la misma en España es 
escaso, en gran medida por la reciente aparición del fenómeno. Por lo tanto un mejor 
conocimiento de las causas que llevaron a la colonización del medio agrario o de los factores 
que influyen en la dinámica poblacional de la especie, podrían ayudar a mejorar su manejo y 
reducir los costes económicos, sanitarios y ambientales asociados. En resumen, el objetivo 
principal de esta tesis es mejorar el conocimiento del topillo campesino en España, 
especialmente los procesos que han llevado a la colonización de Castilla y León por parte de la 
especie, así como la mejora de las herramientas disponibles para la predicción, monitorización 
y el control de plagas. 
Esta tesis está organizada en cinco capítulos, cada uno con un objetivo especifico. 
Capítulo 1. Reconstrucción histórica de la expansión geográfica  y de las explosiones 
demográficas del topillo campesino en la Península Ibérica desde la segunda mitad del siglo XX 
hasta la plaga de 2007. Está basado en “Recent large-scale range expansion and outbreaks of 
the common vole (Microtus arvalis) in NW Spain. Luque-Larena, J.J., Mougeot, F., Viñuela, J., 
Jareño, D., Arroyo, L., Lambin, X., Arroyo, B., 2013. Basic and Applied Ecology 14, 432-441”. En 
este capítulo presentamos (i) una reconstrucción de la expansión del área de distribución del 
topillo campesino en la segunda mitad del siglo XX, y (ii) estudiamos la posible ciclicidad de las 
explosiones demográficas que se han detectado en sus poblaciones tras su llegada a las 
llanuras agrícolas de Castilla y León, utilizando datos científicos, agrarios y periodísticos. 
Capítulo 2. Estudio de las causas ambientales que pueden explicar la reciente y rápida 
expansión geográfica del topillo campesino en el NO de España. Está basado en “Factors 
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associated with the colonization of agricultural areas by common voles Microtus arvalis in 
NW Spain. Jareño, D., Viñuela, J., Luque-Larena, J.J., Arroyo, L., Arroyo, B., Mougeot, F.” en 
preparación  en el que se intenta estudiar (i) la relación entre las tendencias climáticas 
observadas en Castilla y León y la expansión del topillo campesino, y (ii) la relación entre los 
cambios observados en el medio agrícola de Castilla y León y la expansión del topillo 
campesino. 
Capítulo 3. Estudio de las características climáticas y de productividad vegetal  medida 
mediante NVDI, que estima el crecimiento vegetativo mediante la medición de la radiación 
emitida en ciertas bandas del espectro electromagnético por la vegetación, asociadas con las 
explosiones demográficas observadas en el topillo campesino desde el inicio de la década de 
1980 hasta la actualidad. Está basado en “Linking climate and NDVI variation to the 
occurrence of common vole (Microtus arvalis) outbreaks in agricultural areas of NW Spain. 
Viñuela, J., Jareño, D., Arroyo, L., Calle, A., Luque-Larena, J.J., Arroyo, B., Mougeot, F., García, 
J.” en preparación en el que se intenta (i) estudiar la relación entre crecimiento vegetativo  
(medido mediante NVDI) y aquellos factores climáticos relacionados con las explosiones 
demográficas de topillo campesino en Castilla y León, y (ii) estudiar la viabilidad de usar 
aquellas variables relacionadas con las explosiones demográficas de topillo campesino para 
predecir la posible llegada de una explosión demográfica, permitiendo aplicar un control 
preventivo. 
Capítulo 4. Desarrollo y validación de herramientas de monitorización del topillo 
campesino, este capítulo está formado por dos subcapítulos: 
Capítulo 4a. Evaluación de la  fiabilidad de un índice indirecto sencillo y 
aplicable en grandes superficies para medir la abundancia del topillo campesino. Está 
basado en “A comparison of methods for estimating common vole (Microtus arvalis) 
abundance in agricultural hábitats. Jareño, D., Viñuela, J., Luque-Larena, J.J., Arroyo, L., 
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Arroyo, B., Mougeot, F., 2014. Ecological Indicators 36, 111-119” en el que se evalúa la 
posible utilidad de un índice indirecto basado en rastros de presencia de la especie 
(excrementos, pastoreo de vegetación y huras activas) mediante su comparación con 
estimas de densidad obtenidas con trampeos y captura-recaptura. 
Capítulo 4b. Comparación del índice anterior con otro índice recomendado 
recientemente por el Ministerio de Agricultura, Alimentación y Medio Ambiente 
(MAGRAMA), para comparar su fiabilidad a bajas densidades. Está basado en 
“Uncertainty and mistakes in abundance estimates of a rodent pest: the case of 
common vole in NW Spain. Jareño, D., Viñuela, J.” en revisión en el “Spanish Journal of 
Agricultural Research” que intenta estudiar (i) la relación directa entre los dos índices 
indirectos, (ii) la relación entre las estimas de densidad de ambos índices, y (iii) analizar 
las posibles consecuencias de la baja fiabilidad de un índice indirecto. 
Capítulo 5. Aplicación del índice validado previamente para evaluar el efecto de la 
provisión de cajas nido para incrementar la presencia de depredadores aéreos como sistema 
de control biológico de las poblaciones de topillo campesino. Está basado en 
“Supplementation of nest-boxes for avian predators as a biological control tool for the 
common vole (Microtus arvalis) in simplified agro-environments:  an evaluation of local 
effects on vole abundance. Jareño, D., Paz, A., Mougeot, F., Arroyo, B., Viñuela, J.” en 
preparación que intenta estudiar (i) la eficacia del uso de cernícalos y lechuzas como control 
biológico del topillo campesino, mediante el estudio de la variación en la abundancia de topillo 
campesino en función de la distancia a cajas nido ocupadas y teniendo en cuenta posibles 
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Abstract 
Irruptive populations of rodents cause damage to agriculture worldwide. By the end of the last 
century, the distribution range of Microtus arvalis in NW Spain greatly expanded to encompass 
agricultural habitats, with the appearance of crop damaging population outbreaks. The 
absence of long term vole monitoring data has so far precluded outbreak forecasting, which 
might help mitigating associated bioeconomic costs. We used non-standard and diverse 
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sources of information, including newspaper and national technical reports, to describe the 
vole expansion and outbreak dynamics in NW Spain since the late 1960s. We illustrate a rapid 
(<20 years) and large scale (ca. 5 million ha) colonisation of agricultural lowlands, and suggest 
a pattern of westward expansion emanating from the peripheral mountains. Crop damaging 
outbreaks directly followed range expansion and our analyses indicate that they have occurred 
at approximately 5-year intervals since the early 1980s. This is the first description of long term 
(>40 years) regional scale vole dynamics reported for the Iberian Peninsula. We suggest that 
expansion from (humid) mountains to (dry) plains may be related to recent changes in land 
use. If confirmed at a local scale, the apparent cyclicity of outbreaks would provide a basis for 
forecasting outbreak risk in NW Spain and may help managers adjust current control 
strategies. 
Keywords: Rodents; Agriculture; Cycles; Rodenticides; Tularaemia; Castilla y León; Iberian 
Peninsula. 
Introduction  
Rapid human-induced changes in land use are strongly influencing the composition and 
functioning of ecosystems across Europe (Young et al., 2005). For instance, agriculture 
intensification is a main driver of biodiversity loss in European ecosystems (Sala et al., 2000). 
Such changes in biological communities often translate in increases of environmental risks, 
including the (re)emergence of zoonotic diseases (Jones et al., 2008), biological invasions 
(Lockwood et al., 2007) and population outbreaks of species that may then be considered as 
pests (Singleton et al., 2010b). Rodents are among the most important vertebrate pests to 
agriculture worldwide, and they are often associated with environmental, socioeconomic and 
health issues (Ostfeld and Mills, 2007) and (Singleton et al., 2010b). 
In Europe, the common vole (Microtus arvalis) is a major vertebrate pest for plant 
production that can cause important economic losses during outbreaks (Jacob and Tkadlec, 
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2010). Although outbreaks are regularly recorded in Europe (Jacob and Tkadlec, 2010), a 
weakening of cyclic dynamics has been reported for common vole populations in its western 
range during recent decades (Lambin et al., 2006). These observations fit a geographically 
widespread pattern of dampening cyclic dynamics amongst small herbivores across Europe, 
explanations for which invoke human-induced land use shifts, sometimes coupled with climate 
change (Ims et al., 2008). 
In sharp contrast to seemingly fading out of rodent cycles elsewhere in Europe, 
hitherto unseen outbreaks of common vole populations have erupted in recent decades in 
agricultural areas of NW Spain (Castilla y León autonomous region, CyL hereafter; Fig. 1.1A and 
B), following a regional scale colonisation event at the end of the XXth century (Gonzalez-
Esteban and Villate, 2007). Unprecedented socioeconomic impacts are now recurrent in 
recently colonised agricultural habitats, including significant crop damage episodes (Jacob and 
Tkadlec, 2010) and zoonotic outbreaks of Francisella tularensis, the etiological agent of 
tularaemia (Vidal et al., 2009). As is often the case (Singleton et al., 2010b), management of 
vole outbreaks in CyL mainly relies on rodenticides spread over crops and/or in vole burrows. 
Such poison-based control practices notoriously produce undesired secondary poisoning of 
non-target fauna, including protected species (Olea et al., 2009; Mougeot et al., 2011; 
Sánchez-Barbudo et al., 2012). Rodenticides add to the cost of farming by individuals or local 
governments (Stenseth et al., 2003; Jacob and Tkadlec, 2010). For instance, during the 2007 
outbreak in CyL, the cost to the public purse of emergency vole management using 
rodenticides was estimated at 15 million € (Jacob and Tkadlec, 2010). In this context, the 
ability to forecast rodent outbreaks could contribute to reducing their economic and ecological 




Figure 1.1 (A) Boundaries of autonomous regions (dark lines) and provinces (light lines) of mainland 
Spain (the square frames the Castilla y León autonomic region); (B) Provinces of Castilla y León: Ávila 
(AV), Burgos (BU), León (LE), Palencia (PA), Salamanca (SA), Segovia (SE), Soria (SO), Valladolid (VA) and 
Zamora (ZA); (C) Elevations of Castilla y León, highlighting the central plains (lighter colours) and 
surrounding mountain ranges (darker colours); (D) location of the river Duero catchment within the 
region. 
 
Long-term data sets of vole abundance are an essential starting point to assess 
whether outbreaks occur with a regular period and to study their causal factors, two key 
aspects to developing predictive models and mitigate bioeconomic costs (Stenseth et al., 2003; 
Davis et al., 2004; Imholt et al., 2011). Unfortunately, long-term vole monitoring studies in NW 
Spain are limited to one study in a non-agricultural mountainous area located in Segovia 
Province to the south of CyL, belonging to the historical distribution range (Fargallo et al., 
2009). This leads to a limited understanding of the emergence of outbreaks in farmland areas, 
which has so far precluded attempts to predict vole outbreaks. 
Here, we used non-standard and complementary data sources to reconstruct the 
historical colonisation process of the region and regional outbreak dynamics of common voles 
in CyL, NW Spain, over 40 years. In the absence of long term monitoring data on vole 
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populations in agricultural areas, such as available elsewhere in Europe, we combined 
information from public annual agricultural reports and news in a main daily regional 
newspaper extracted using keyword based search of archives. Combining these sources of 
information, we provide the first historical reconstruction of past outbreaks in this region and 
use time series analyses to test for regularity in outbreaks. We also assess whether vole 
outbreaks have been consistently accompanied by the use of rodenticides and outbreaks of 
tularaemia. 
Materials and methods 
Study area 
Our study area comprises the region of Castilla y León in the north-plateau of the Iberian 
Peninsula (Fig. 1.1), an autonomous region of Spain (9,422,100 ha) that is divided in 9 
administrative provinces (Fig. 1.1B). The region holds almost the entire catchment of the river 
Duero and includes central plains surrounded by mountain ranges (Fig. 1.1C and D). The region 
is mainly characterised by a Mediterranean climate in terms of annual precipitation 
(equinoctial rains, summer droughts) but less so in terms of temperatures (wide seasonal 
temperature oscillation, strong and frequent winter frosts). The mountainous belt is 
dominated by woodlands whilst the central plains are dedicated to agriculture (ca. 
3.7 million ha) (Gil and Torre, 2007). 
Regional colonisation process 
The distribution of common voles in Spain up to the early 1970s was limited to mountainous 
landscapes (Rey, 1973). In order to reconstruct changes in vole distribution in CyL, we 
compiled data from published distribution maps of M. arvalis from 5 papers published in local 
scientific and technical journals (Rey, 1973; Delibes and Brunett-Lecomte, 1980; Palacios et al., 
1988; Gonzalez-Esteban et al., 1994; Gonzalez Esteban et al., 1995) and a book on Spanish 
mammals (Gonzalez-Esteban and Villate, 2002). We additionally searched for all publications in 
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Zoological Record (search in topic field: [Microtus arvalis OR Common vole OR Topillo 
campesino] AND Spain), but found no references adding any geographically significant 
information to the papers mentioned above at the scale of this study. The map published 
by(Rey, 1973), a review of common vole distribution based on trapping data and raptor pellet 
surveys, was considered as the starting point to evaluate range expansion. We built sequential 
presence/absence maps between 1973 and 2002 by overlaying distribution information. The 
maximum spatial resolution for presence maps was set at the level of agrarian county 
(comarca agraria in Spanish); each province (see Fig. 1.1B) holds several agrarian counties, 
with surface area ranging from 473 to 3045 km2 (1597 ± 609, n = 59). Published maps typically 
presented higher spatial resolution distribution data (UTM 10 × 10 km2) than our county grid, 
but with a greater level of error as not all UTM were surveyed. 
Outbreak dynamics and related impacts 
We used data that reported explicit spatial and temporal information on the occurrence of 
outbreaks (defined as unusually high vole densities creating crop damages or the risk of those). 
Data were compiled from two different sources that we treated as complementary in assessing 
the status of voles in a given year and province (i.e. our unit of analysis): (a) national technical 
reports from the series on plant protection and pest control (Reuniones Anuales de los Grupos 
de Trabajo Fitosanitarios) published irregularly by the Ministry of Agriculture (“Ministry of 
Agriculture Reports”: “MARs”); and (b) digital archives of daily issues (published regularly) of 
the main regional newspaper, El Norte de Castilla (Norte de Castilla News: NCN). 
We reviewed 19 “MARs” from 1989 to 2008 (except for 1992 as no issue exists), seven 
of which contained explicit information (province, year) about vole outbreaks (MAR issues: 
1989, 1994–96, 1998–99 and 2007–08). Not all reports referred to vole outbreaks occurring in 
the year of publication; indeed, the first outbreak mentioned was dated in 1968, but this 
reference occurred in the MAR issue of 1989. When a province was reported to be affected by 
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an ongoing outbreak in two successive years, a single MAR entry contributed 2 positive values 
for that province in our historical reconstruction series. However, even though the 
consequences of vole damage reported in one calendar year may have in part stemmed from 
damage that started in the previous calendar year, we did not record this unless both years 
were mentioned. 
Instead of searching the freely available web version of the regional newspaper, we 
accessed the now digitised archives of the printed version of daily news from El Norte de 
Castilla, through its own dedicated software (localised at the Hemeroteca de El Norte de 
Castilla, Valladolid, Spain), between 1960 and 2009. This was in order to obtain a long time 
span of data and non-abridged versions of the paper content. Following initial keyword-based 
searches for voles and rodent terms, we restricted our search of the archives to the keywords 
“ratilla” and “topillo” (the old and more recent names of voles in Spanish, respectively). We 
avoided using less specific terminology such as “ratones” (mice) or “roedores” (rodents) in 
order to avoid picking up items referring to murid species other than the focal common vole. 
Coupling of the dynamics of coexisting cyclic and non cyclic rodents is an ecological 
phenomenon geographically widespread in Europe (e.g. (Korpimäki et al., 2002; Lambin et al., 
2006). We thus ensured all reports and newspaper items that we used in this study referred 
explicitly to common voles. Search for the keyword “topillo” yielded a total of 984 
independent news items (the first dated in 1969), of which 371 (38%) provided spatial 
information on vole outbreaks that could be attributed to a specific province and calendar 
year. We excluded from analyses entries referring to regions wider than a province, and 
natural history accounts not relevant to outbreaks. None of the articles containing the word 
“ratilla” was relevant to this study according to these criteria. 
As no single source of information yielded an exhaustive coverage, we combined the 
information from both sources (MAR and NCN) to produce a synthetic reconstruction of vole 
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outbreaks. We thus constructed a combined data set, considering as years of outbreak those 
for which the evidence came from at least one information source, and considering the 
maximum number of provinces reported to have been affected. In order to investigate the 
spatial distribution of outbreaks, we also split the time series spatially into 3 geographical 
groups of provinces with different regional colonisation histories: (i) North (LE, PA, BU) and (ii) 
South (SA, AV, SE, SO), were occupied by voles before 1973; while (iii) the Central provinces 
comprised agricultural lowlands colonised by voles after 1973 (ZA, VA) (see Fig. 1.1B). 
We also quantified changes in the frequency of reports reporting vole outbreaks in 
terms of public health (cases of tularaemia among local human populations) and 
environmental impacts (primary or secondary poisoning of non-target fauna; reports on 
chemical campaigns as management measures to control local rodent numbers, or public 
debates on the use of rodenticides). Among the 984 NCN items containing the keyword “vole”, 
87 contained the keyword “tularaemia” (tularemia, in Spanish) and 257 contained reports on 
use or impacts of rodenticide (keywords “rodenticide” rodenticida, “poison” veneno, “raticide” 
raticida, “anticoagulant” anticoagulante, “chlorophacinone” clorofacinona, and 
“bromadiolone” bromadiolona). 
Statistical analyses 
We generated two data sets spanning from 1967 to 2009 to characterise past outbreaks. The 
first contained binary data: presence, 1, or absence, 0, of reported outbreak in a given year. 
The second consisted of the number of provinces within the CyL region where outbreaks had 
been reported in a given year. We used the Walsh transform for a spectral analysis of the 
binary data, looking for evidence of periodicity in the occurrence of past outbreaks and an 
autocorrelation analysis to look for periodicity in the area affected by outbreaks. We used 
wavelet analysis to investigate whether any periodicity in the occurrence of past outbreaks 
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changed through time. Time series analyses were performed with the software “PAST” 
(Hammer and Harper, 2005). 
Results 
Regional colonisation process 
Starting from a distribution restricted to the peripheral mountainous areas of CyL up to the 
early 1970s (Fig. 1.2, 1973), common voles had colonised locations north and south of the 
main river Duero at lower altitudes (see Fig. 1.1C and D) by the late 1970s, suggesting a 
descending expansion pattern from mountains on both sides of the Duero river (Fig. 1.2, 1978–
79). At that time, central and western agrarian counties at lower elevations still appeared free 
of common voles. Ten years later however, most of these lowland areas were colonised and 
voles were seemingly absent from only a few western counties (Fig.1.2, 1988). By the early 
1990s, colonisation of the region was almost complete (Fig.1.2, 1993–94). The presence of the 
species in the entire region was confirmed by 2002 and remained unchanged thereafter (100% 
occupation in 2007) (Gonzalez-Esteban and Villate, 2007). The species’ distribution thus 
expanded from 40% up to >90% of the agrarian counties in ca. 20 years (Fig. 1.2 and synthesis 




Figure. 1.2 Colonisation process of Microtus arvalis in the Castilla y León region, NW Spain, over 29 
years. The maps show presence or absence of M. arvalis in agrarian counties (comarcas agrarias; n = 59) 
according to published distribution records (Rey, 1973; Delibes and Brunett-Lecomte, 1980; Palacios et 





Figure 1.3. Reconstruction of past common vole outbreaks in Castilla y León provinces (n = 9), NW Spain. 
The graphs show the number of provinces in which outbreaks were documented in a given year (black 
dots), according to two sources of information: (A) Regional newspaper El Norte de Castilla news 
archives (NCN) and (B) “Ministry of Agriculture Reports” (“MARs”), and (C) for the two sources 
combined. In (C), the percentage of agrarian counties occupied by the common vole over the study 
period (see Fig. 1.2) is also shown (secondary y-axis). Grey bars indicate years with documented 
outbreaks (see main text for details). 
 
Past outbreak occurrences 
Our two sources of information allowed reconstruction of past outbreaks at temporal and 
spatial resolution levels of year and province (Fig. 1.3C; Synthesis). Both sources were 
consistent in reporting six outbreaks in 1978, 1983, 1988–89, 1993, 1997 and 2007, but not 
always in the same provinces. The oldest outbreaks were reported in 1968 (MAR) and 1978 
(MAR and NCN). Outbreaks were reported in only a few provinces until the mid-1980s, but 
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once common voles were present in all the agricultural plains of CyL, outbreaks affected all 
nine provinces (Fig. 1.3C). 
The Walsh transform analysis of the binary data 1967–2009 gave statistical evidence 
for cyclicity in outbreaks with a 5-year period (Fig. 1.4A: peak power of 0.119 for a sequence of 
0.203, indicative of a 5-year period). In our reconstruction, we omitted evidence for vole 
outbreaks in “Tierra de Campos” in 2006 (1 NCN), which was excluded because it was not 
spatially explicit at the province level (see above), but was corroborated by sources other than 
those used in our reconstruction (Olea et al., 2009; Vidal et al., 2009). If we include this 
evidence for outbreaks in the region in 2006 and repeat our analysis, we still obtain a similar 
result (Walsh transform; peak power of 0.141 for a sequence of 0.203). When considering 
changes in the number of provinces with outbreaks (data in Fig. 1.3C), an autocorrelation 
analysis showed significant positive correlations for a time lag of 5 years (R = 0.409; p = 0.05) 
and 10 years (R = 0.513; p < 0.05; Fig. 1.4B), also indicative of a 5-year period. We further 
conducted a wavelet analysis to investigate whether the period was stationary (constant) 
through time in 1967–2009. The analysis showed a maximum power for a 5-year period 
(around 2.5 on a log-2 scale; y-axis) from 1980 until 2009 (Fig. 1.4C). We therefore had no 
evidence that the period of outbreak occurrence at regional level changed over time; 





Figure 1.4. Results of time series analyses of the occurrence of common vole outbreaks in 
Castilla y León, NW Spain. (A) Walsh transform analysis for the occurrence of outbreaks within 
the whole region between 1967 and 2009, showing a power peak at 0.2 frequency 
(corresponding to a 5-year period); (B) auto-correlogram for the number of provinces with 
outbreaks showing a 5-year period; and (C) wavelet analysis showing evidence of a 5-year 
period from 1980 onwards (darker band at 2.3–2.6 on the log-2 scale y-axis). 
 
Splitting the binary data time series by groups of provinces shows that the oldest 
outbreaks (1968 and 1978) were restricted to the southern group, but that from the 1980s 
onwards vole outbreaks affected all 3 groups synchronously. Noticeably, outbreaks occurred in 
the central group of provinces as soon as voles colonised the area whereas vole outbreaks 
were not recorded in the northern group of provinces before the 1980s (see Appendix A). 
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Bioeconomic impacts related to outbreaks 
Newspaper articles indicate that control campaigns using rodenticides took place at least since 
the 1988–89 outbreak, and in all subsequent ones, including in 2004 despite a lack of reports 
of a significant (regional) outbreak in our data. Newspaper articles also contained reports of 
cases of tularaemia associated with the 1997–98 and 2007–08 outbreaks (Fig. 1.5). The 
number of news items published in El Norte de Castilla dealing with impacts of vole outbreaks 
(tularaemia or environmental impacts) increased exponentially over the course of the most 
recent outbreak (Fig. 1.5; note the log-scale on the y-axis). 
 
Figure 1.5. Temporal pattern of reports in the main regional newspaper (El Norte de Castilla, 
NCN) related to incidents of tularaemia or rodenticide use over the study period. Grey bars 
indicate years with common vole outbreaks. 
 
Discussion 
Range expansion and outbreak occurrence in agricultural landscapes 
The massive range expansion of common voles in NW Spain only took about 20 years, 
consistent with estimates of expansion range from other invasive rodents (e.g. Andow et al., 
1990). Populations in CyL expanded from peripheral higher elevation areas towards central 
lower altitude areas, probably through tributary river valleys (Delibes and Brunett-Lecomte, 
1980) and the whole colonisation proceeded mainly from east to west (Fig. 1.2, and see 
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Gonzalez Esteban et al., 1995). Common voles typically depend on moist grassy habitats 
(Gonzalez-Esteban et al., 1994; Delattre et al., 1996), and the observed colonisation of (dry) 
agricultural plains from (humid) nearby mountains runs counter to the observed increasing 
aridity of Iberian climate (Moreno, 2005b). Thus instead of responding to a climatic trend, we 
hypothesise that common vole populations from the mountains surrounding CyL plains have 
responded to land use changes that facilitated their expansion, namely an increase in moist 
(irrigated) grassy crops (Gonzalez-Estebanez et al., 2011; López-Gunn et al., 2012). Thus, a 
potential link with an expansion of crop irrigation at regional level deserves further attention. 
It has been suggested that the irruptive dynamics of common voles may have 
contributed to accelerating colonisation of agricultural landscapes (Gonzalez-Esteban and 
Villate, 2007). Locally high population densities during early outbreaks (1978, 1983–84) may 
have indeed contributed to a fast colonisation of neighbouring areas (Gauffre et al., 2009). It is 
striking that large-scale fluctuations of common voles were recorded immediately after the 
colonisation of central agricultural lowlands (see Fig. 1.3C), so outbreaks in agricultural 
landscapes of NW Spain may ultimately be a consequence of the range expansion in an area 
where ecological conditions for cyclicity were present. Outbreaks in CyL typically reach 
maximum densities (and bioeconomic impacts) in central agricultural steppes such as the 
continuous and homogeneous landscapes of herbaceous habitats without tree cover (Jacob 
and Tkadlec, 2010). Such intensive agricultural landscapes are notoriously the scene of large-
scale rodent outbreaks elsewhere (Singleton et al., 2010b). 
Past outbreak dynamics and forecasting future outbreaks 
In agreement with our reconstruction, vole outbreaks had been reported or suggested in the 
Spanish scientific-technical and/or popular science literature in 1983, 1988, 1993–1994, 1997, 
and 2007 (Delibes, 1989; Sunyer and Viñuela, 1994; Gonzalez Esteban et al., 1995; Garcia 
Calleja, 1999; Olea et al., 2009; Vidal et al., 2009). Some local outbreaks reported in a scientific 
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paper (1985–1986 and 1990; Gonzalez Esteban et al., 1995) were not confirmed by our 
sources. However, the information used to describe these local outbreaks came mostly from 
interviews with farmers, who may have over-interpreted unusual densities of a new species as 
outbreaks, or reported them incorrectly. Alternatively, these discrepancies may reflect an 
asynchrony of outbreaks at a local scale. 
Overall, this study sets a new southern limit for common vole outbreaks in Europe 
(Jacob and Tkadlec, 2010). We found that outbreaks in NW Spain seemingly fit a 5-year cyclic 
pattern at the regional scale, which contrasts with the most common 3-year cycle documented 
in agricultural areas from the west to the east of Europe (Mackin-Rogalska and Nabaglo, 1990; 
Lambin et al., 2006; Jacob and Tkadlec, 2010). However, this pattern may not be fixed (e.g. 
outbreaks in 1993 and 1997) and more detailed data at smaller scales would be needed. 
Geographic variability at relatively short distances in cycle period length has been described in 
France, associated to differences in habitat quality (Delattre et al., 1996). Cyclic populations of 
common voles may show wide variation in period length; for example, studies from Eastern 
Europe have shown that cyclicity can range from 2 to 10 years, although in most cases (65%) it 
ranges between 3 and 4.9 years (Mackin-Rogalska and Nabaglo, 1990). 
Previous work from northern and central Europe has successfully used alternative 
sources of information to reconstruct past rodent cycles in the absence of monitoring data. For 
instance, a 79-year reconstruction from binary series of outbreak occurrence in Norway based 
on bounties paid for predators (one information source) facilitated the demonstration of 
temporal changes in cyclic dynamics across the whole country (Steen et al., 1990). 
Geographical variation in cyclic periodicity of common voles was also evaluated in Poland using 
published local information (up to 39 data sets) (Mackin-Rogalska and Nabaglo, 1990). 
The main limitation of our methodology compared to quantitative population 
monitoring based on dedicated protocols is its limited resolution in space and time, precluding 
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analyses of population variation at local and crop levels. For instance, whereas our results 
suggest that outbreaks typically last two years at the regional level (Fig. 1.3C), they were not as 
long at each locality: where information about agrarian counties existed, different counties 
were affected in each year of the outbreak. Maximal abundances have been reported in 
summer-autumn of the outbreak year, with a subsequent decline in the winter of the next year 
(e.g. Delibes, 1989; Sunyer and Viñuela, 1994; Garcia Calleja, 1999; Olea et al., 2009). Indeed, 
the highest frequency of NCN news items corresponded to the months of August to October 
(unpublished data). Therefore, outbreaks reported during the second consecutive year 
probably correspond to the decline phase of the outbreak or to peripheral pockets of high vole 
density. The observation that fewer provinces were always affected in the second year (Fig. 
1.3C) is consistent with this idea. Additionally, outbreaks may have occurred even when they 
do not reach a threshold of causing damage, thus not being widely reported in the media. Our 
approach is also limited in that it does not include quantitative information on the presence of 
a threshold vole density when an outbreak and associated crop damage are perceived. Yet, 
such quantitative information should be a cornerstone of local adaptive management and 
control. 
Nevertheless our reconstruction indicates that the risk of vole outbreaks in the region 
may increase every ∼5 years, consistent with the only trapping study in Segovia Province 
(Fargallo et al., 2009). While these results could provide the basis for forecasting outbreaks 
(Davis et al., 2004), our inference of cyclical dynamics remains tentative, as the time span of 
our data is short relative to the estimated cycle length, and other vole species have had initial 
evidence of cyclic dynamics contradicted by subsequent data (Zhang et al., 2003). 
Rainfall is a known trigger of rodent outbreak dynamics in arid and semi-arid 
ecosystems worldwide (Brown and Singleton, 1999; Zhang et al., 2003; Kausrud et al., 2007). 
Accordingly, it could be postulated that common vole outbreaks in arid CyL are associated with 
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total previous year rainfall, as was the case in Mus domesticus in arid cereal crops in SE 
Australia (Brown and Singleton, 1999). Indeed, uptake of common voles by long-eared owls 
(Asio otus) (Veiga, 1986) and vole population density in Segovia Province (Fargallo et al., 2009) 
positively correlate with previous year rainfall. Thus the cyclical outbreaks could reflect a 
(possibly temporary) 5-year periodicity in above-average rainfall. Alternatively, common vole 
populations may have an inherent tendency to exhibit regular cyclical fluctuations but their 
amplitude (and hence damage to crops) might be modulated by rainfall. For example, contrary 
to expectation under a ∼5-year periodicity, no outbreak was reported between 2002 and 
2004. However, long term common vole trapping data indicated localised peak abundance in 
2003–04 in Segovia province (Fig. 1.1B), but with lower densities than in 1997 and 2007 
(Fargallo et al., 2009). In addition, NCN articles picked up farmer demands for vole control in a 
different province (Zamora) in 2004 (see ‘Bioeconomic impacts related to outbreaks’ above 
and Fig. 1.5), although no significant (regional) outbreak was reported during that or the 
previous year. In climatic terms, 2003 was a significantly abnormal year across Europe, and 
strong heat waves and continued drought strongly affected primary productivity (Fink et al., 
2004). It is thus plausible that the severe 2003 drought precluded growth in vole density in 
CyL. Further studies of the role of climate in driving (or modulating the amplitude of) vole 
dynamics in NW Spain are required. 
Bioeconomic impacts of vole outbreaks in agricultural areas 
Media coverage of vole related issues (the occurrence of tularaemia events or issues related to 
the impacts of rodenticide use) increased over time, this being particularly marked in the 
outbreak of 2007. Analysing the discourses of this coverage could reveal changes in attitudes 
towards the species or its outbreaks. Indeed, vole outbreaks and their management have 
social as well as agronomical or ecological impacts. These have led in the past to, sometimes 
extremely heated, conflicts between actors with opposing views on how to manage, or even 
on the nature of the problem (Delibes-Mateos et al., 2011). These conflicts emphasise the 
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need to manage vole populations more effectively. They also highlight that multiple 
approaches need to be taken simultaneously (ecological, agronomical, social) to develop 
sustainable, acceptable and environmentally friendly solutions to minimise crop damage by 
voles in this recently colonised area. 
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Figure S1.1. Occurrence of past outbreaks in the southern, northern and central provinces of the Castilla 
y León region. In the southern (SA, AV, SE, SO) and northern (LE, PA, BU) provinces, voles were present 
since at least 1973, whereas in the central provinces (ZA, VA), vole colonisation was more recent (see 
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Short title: climate, land uses and vole range expansion 
Abstract:  
The common vole, a small rodent considered a pest when overabundant in agricultural areas, 
was traditionally absent from the agricultural plains of Castilla y Leon, NW Spain. However, 
from late 1970´s this species expanded its distribution range and rapidly colonized ca. 50000 
km2 of agricultural land, where regular outbreaks have caused conflicts with farming activities. 
We studied possible associations between vole colonization and changes in climate and land 
uses in the region during the second half of the 20th century. We found long-term trends in 
climate, with some changes that could have helped the common vole expansion (i.e. increased 
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fall precipitation, increased winter temperature), but other changes that may have impaired it 
(i.e. reduced precipitation and increased summer temperatures). On the other hand, dramatic 
changes in land use occurred prior to and during the colonization period, with marked 
increases in the area occupied by irrigated and green herbaceous crops (i.e. alfalfa), which are 
favorable habitats for common voles. We found strong associations (cross-correlations) 
between changes in vole distribution and the extent of “green crops” (irrigated crops and 
alfalfas) at different spatial scales. Other land use changes occurring at that time that may 
have also helped the vole colonization process included an overall habitat homogenization, 
and a reduction in sheep numbers, especially at the original distribution areas and at the 
beginning of the colonization period. Land use changes, especially the increases in irrigated 
crops and alfalfa, appear to be the main driver behind the expansion of the common vole into 
the previously unoccupied agricultural plains of Castilla y León. We discuss the implications of 
these findings in relation to the social conflicts and management challenges arising from the 
colonization of agricultural areas by potentially crop-damaging common voles.   
Keywords: climate change, land use changes, livestock, irrigation, alfalfa, distribution range 
expansion.   
Introduction: 
The study of the effects of land use and climate changes on the distribution of different species 
is a central theme in current ecological research. Major distribution shifts for numerous 
species are predicted under current climate change scenarios (Aragon et al., 2010; Araujo et 
al., 2011), although predictions vary among models, mainly due to uncertainties associated 
with climate change scenarios (Real et al., 2010). Habitat changes due to human actions (e.g. 
farmland changes, deforestation or landscape fragmentation) are also a key driver of 
distribution changes (Pimm and Raven, 2000; Secretariat of the Convention on Biological 
Diversity, 2010). When habitat changes due to human activity and climate change occur 
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simultaneously, the effects on species distribution changes may be potentially exacerbated or 
attenuated, although this latter issue has received less attention (Delattre et al., 2013).  
Rodents have the potential to rapidly respond to climate or land use changes 
(Singleton et al., 2010b). In Europe, the common vole Microtus arvalis (Pallas, 1778), is found 
in a wide variety of open moist habitats (meadows, forest steppes, moist forests, as well as 
agricultural areas), occurring from sea level and up to 2600 m of altitude. The common vole is 
herbivorous and prefers the green parts of grasses and herbaceous vegetation (Amori et al., 
2008; Jacob and Tkadlec, 2010). It is considered a rodent pest in most of its distribution range 
because, during populations outbreaks, it causes significant crop damages with associated 
economic losses (Babinska-Werka, 1979; Jacob and Tkadlec, 2010). Until recently, the common 
vole distribution range in the Iberian Peninsula was restricted to mountain areas in the 
northern half of Spain, where it occupied stable habitats with high herbaceous or shrub cover 
(Cabrera, 1914; González-Esteban and Villate, 2007). However, at the end of the 20th century, 
this species rapidly colonized the central plains of Castilla y León, a relatively arid area of ca. 
50000 km2 in north-central Spain, mainly occupied by farmland (Luque-Larena et al., 2013). 
Since the range expansion, common vole population outbreaks in farmland areas have 
occurred regularly, causing significant economic losses to agriculture, as well as environmental 
impacts associated with the use of rodenticides for controlling vole populations, or zoonotic 
outbreaks of Tularemia (Luque-Larena et al., 2013).  
All climate change scenarios for Spain predict a uniform increase in temperatures, 
particularly in summer, and a reduction in total annual precipitation, especially in spring and 
summer (Moreno, 2005a). Models based on current climate change scenarios predict a 
shrinking of the common vole distribution range in Spain, which is expected to be restricted to 
the mountain ranges of the northern half of the Iberian Peninsula, or even just to the 
Cantabrian Mountains and the Pyrenees (Araujo et al., 2011).  
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Agricultural intensification has led to a homogenization in the agro-environmental 
landscape of Castilla y León, which has been proposed as a major factor promoting vole 
expansion (Gonzalez Esteban et al., 1995) as simplified habitats, which usually have fewer 
predators (Delattre et al., 1999), may be easier to invade by new species (Ligtvoet and van 
Wijngaarden, 1994). Many other changes have occurred in the agro-environment during the 
same period, like changes in cultivated crops, livestock densities, increased mechanization, use 
of improved pesticides and fertilizers, or the development of non tillage techniques, which 
may have also affected the suitability of these areas for vole populations. Land use changes 
potentially favorable to the common vole would be an increase of multiannual herbaceous 
crops, especially alfalfas, one of the preferred habitats of the common vole (Delibes, 1989; 
Janova et al., 2011; Jareño et al., 2014), as well as an increase in irrigation, which would 
increase green herbaceous vegetation and thus food availability, particularly during the dry 
summers that characterize the Mediterranean climate of central plains of Castilla y Leon. In 
contrast, a reduction of fallows would reduce areas with natural vegetation, being potentially 
negative for the species.  Changes in free-ranging livestock abundance could also affect 
common voles, as increased grazing pressure may reduce food availability for voles, and may 
also increase predation risk (as reduced cover would increase vulnerability to avian predators). 
Livestock presence could also difficult the burrowing activity of voles due to soil compacting. 
Several studies in Europe have associated increases in sheep grazing pressure with reduced 
vole abundances (Steen et al., 2005; Evans et al., 2006; Wheeler, 2008), and this relationship 
has also been found in Spain between the common vole and cattle (Torre et al., 2007).  
In this study, we aim to investigate the importance of both climate and land use 
changes as factors explaining the recent colonization of farmland areas by common voles in 
NW Spain (Luque-Larena et al., 2013). We hypothesize that the rapid range expansion by M. 
arvalis may have been triggered primarily by recent land use changes that took place in the 
newly colonized areas, and also possibly in the original distribution range. We discuss our 
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results in the context of the implications for management of vole outbreaks and their damages 
to farmland. 
Material and Methods:  
Study area:   
We studied changes in common vole distribution in the autonomous region of Castilla y Leon 
(hereafter “CyL region”), an area of 9.422.100 ha located in the north-plateau of the Iberian 
Peninsula (Fig. 2.1). This region is divided in 9 administrative provinces and 59 agrarian 
counties (“comarcas agrarias”) (Fig. 2.1). The region holds almost the entire catchment area of 
the Duero river and includes central plains dedicated to agriculture (ca. 3.7 million ha) 
surrounded by mountain ranges. Wheat and barley are the most common crops in CyL (in 2010 
they accounted for 47.82 % of the entire agricultural surface). Fallows are the only habitat, 
excluding field margins, with natural grassy vegetation in most of the agricultural areas of CyL 
(they occupied 21.29 % of the agricultural surface in 2010). The rest of herbaceous crops 
represented 26.75% of the whole cultivated area in 2010 (Ministerio de agricultura 




Figure 2.1. Map of the study area (Castilla-y-Leon region, NW Spain) showing the boundaries (thickest 
black contour lines) and names of the 9 provinces, and the boundaries of agrarian counties (thinner 
black contour lines).  The map also illustrates changes in vole occupancy at the agrarian county level for 
the period 1973-2002 (data from Luque-Larena et al. 2013). 
 
Common vole distribution data 
Historical data on common vole distribution were available at the agrarian county level spatial 
resolution for 1973, 1978-79, 1988, 1993-94 and 2002 (Luque-Larena et al., 2013). In the early 
1970s, common voles were present in 35 of 59 agrarian counties, by 1993-94 almost the whole 
region was colonized, and full colonization was confirmed by 2002 (Luque-Larena et al., 2013). 
Based on the available information, we summarized common vole distribution data at three 
spatial levels:  
1) regional level, by using the % of agrarian counties within the region where the common vole 
was present at a given time (hereafter referred as to “regional vole occupancy”);  
2) provincial level, by focusing on two provinces from where common voles were absent 
before the colonization event (Valladolid and Zamora), using the% of agrarian counties within 
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each province where the common vole was present at a given time (hereafter referred as to 
“provincial vole occupancy”);  
3) agrarian county level, by using presence/absence data in each county at a given time. At this 
level, we focused on those counties where voles were originally absent and were subsequently 
colonized in the time period 1973-1993 (Luque-Larena et al., 2013). For each focal agrarian 
county, we estimated neighboring vole occupancy prior to a potential colonization event, using 
the % of adjacent counties in which the common vole was already present (hereafter referred 
as to “neighboring vole presence level”).  
Climate data 
Climate in Castilla y León can be considered as Mediterranean with continental influence. 
Annual precipitation in the central plains of CyL ranges from 350 to 550 mm, mostly 
concentrated during winter or spring. Winters are cold while summers are typically dry and hot 
(Moreno, 2005a). Thus, summers there represent a long drought period characterized by 
withered natural vegetation, about 1-3 months longer than in the mountain areas originally 
occupied by common voles (Subdirección General de Medios de Producción Agrícolas y Oficina 
Española de Variedades Vegetales, 2010). Common voles thus colonized an area that had an a 
priori a climate less favorable than at the original distribution area.  
We obtained  climate data for the period 1962-2002 from 70 weather stations located 
across the whole CyL region (source: AEMET, National Meteorological Agency; 
http://www.aemet.es/). These climate data were summarized as seasonal average 
temperature (°C) and precipitation data (mm of rain), for winter (January-March), spring (April-
June), summer (July–September) and fall (October-December). We selected the year 1962 
as the beginning of the time series as this was the first year for which we had complete 
information on land use data (see below). The final year was 2002, when the 
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colonization process of CyL by common voles was completed (Luque-Larena et al. 
2013). 
Land use data 
We obtained yearly land use data for the period 1962-2002 at spatial scales comparable to 
those available for vole distribution data. At the regional and provincial levels, we gathered 
land use data that consisted in the surface in ha of irrigated and non-irrigated crop types, 
specifically alfalfa; wheat or barley (hereafter referred as to “cereal”); other herbaceous crops 
(mostly corn, sugarbeet, sunflower and potato, hereafter referred as to “others herbaceous 
crops”); as well as non irrigated fallow land (Ministerio de Medio Ambiente y Medio Rural y 
Marino, 2013). We also obtained yearly data on livestock abundance, specifically cattle, sheep 
and goat numbers (Ministerio de Medio Ambiente y Medio Rural y Marino, 2013). We 
combined sheep and goat numbers due to their similar body mass and the presence of mixed 
flocks in Spain (Garcia et al., 2013).  
For analyses, we first summarized raw land use data using a Principal Component 
Analysis (see below), but we also focused on those crops a priori most favorable to voles. For 
this, we estimated the extent (surface areas) of agricultural land used for growing irrigated 
cereal, irrigated and non-irrigated alfalfa, and other irrigated herbaceous crops, hereafter their 
pooled areas referred as to “green crops”. The extent of green crops in each study year was 
estimated for the whole CyL region, and for the two focal provinces, Valladolid and Zamora. 
At the agricultural county level, we obtained data on the percentage of the total 
agrarian surface that consisted of “green crops” for the years 1973, 1978 and 1988, the time 
periods for which we had information on whether each agrarian county was colonized or not 
by common voles. We used land use data from the province where each agrarian county was 




We used the R-software (R Development Core Team, 2011) and the PAST software (Hammer et 
al., 2001) for statistical analyses.  
To reduce the number of climate (average precipitation and temperature data for 
spring, summer fall and winter) or land use (surface area for each crop type and livestock 
numbers) variables, we used a Principal Component Analysis (PCA) (function prcomp (R 
Development Core Team, 2011), considering those Principal Components (PCs) with 
eigenvalues ≥1 for subsequent  analysis.  
We analyzed trends in climate and land use data using linear regression models 
(lm; testing for linear trends during the study period) and piecewise regressions (in order to 
test for possible changes in linear trends before and after a certain year or cut-off point).  
At the regional level, we tested for associations between climate and land use variables and 
vole occupancy data using a cross-correlation analysis and the PAST software (Hammer et al., 
2001). 
At the agrarian county level, we tested whether the probability that a given 
county was colonized by common voles during a given time period depended on the 
“neighboring vole presence level” (% of nearby agrarian counties already occupied by 
the common vole) and the extent of “green crops” (proportion of irrigated herbaceous 
crops and alfalfa in each county). The dependent variable (colonization probability) was 
fitted to a mixed model using a binomial distribution of error, with a logit function and 




Vole range expansion at the regional and provincial levels 
At the regional level, the vole expansion started in the second half of the 1970s and was 
almost completed by the mid-1990s. Changes in vole occupancy followed a sigmoid growth 
pattern (Figure 2.2a), and we used these modeled data (hereafter referred as to “CyL vole 
occupancy”) for subsequent analyses. At the provincial level, and focusing on the two 
provinces where voles were absent in 1973, the changes in vole occupancy also followed a 
similar sigmoid growth pattern, with some differences between the two study provinces 
(Figure 2.2b). In Valladolid, the colonization took place during the late 1970s-mid 1980s and 
was complete by 1988. In Zamora it started later, during the mid-1980s and was complete by 
the late 1990s (Figure 2b). We modeled these data (hereafter referred as to “Valladolid vole 















































Figure 2.2. Changes over time in vole occupancy (% of agrarian counties occupied by common voles) in 
a) the whole Castilla-y-Leon region, and b) in the Valladolid and Zamora provinces, from where voles 
were absent in 1973.  
 
Climate trends and vole colonization at the regional level  
The PCA conducted on seasonal climate data for 1962-2002 provided four climate Principal 
Components with eigenvalues greater than 1 (Table 2.1). Climate PC1 explained 25.6% of the 
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variance and contrasted warmer winters and autumns and wetter autumns (positive loadings) 
with dryer winters (negative loading). Climate PC2 explained a further 20.5% of variance, and 
contrasted warmer springs and summers (positive loadings), with dryer springs (negative 
loading). PC3 explained a further 16.2% of variance, and contrasted wetter summers (positive 
loading) with colder winters and summers (negative loadings). Finally PC4 contrasted wetter 
winters and autumns with dryer summers (Table 2.1).  
Table 2.1. Results of the Principal Component Analysis of region wide yearly seasonal climate data 1962-
2002.  
 Climate PC1 Climate PC2 Climate PC3 Climate PC4 Climate PC5 
Winter Temperature 0.378 0.166 -0.457 0.040 -0.696 
Spring Temperature 0.299 0.592 0.074 0.026 -0.085 
Summer Temperature -0.016 0.336 -0.66 -0.138 0.451 
Fall Temperature 0.493 -0.253 -0.115 0.311 0.384 
Winter Precipitation -0.436 0.167 0.08 0.554 -0.271 
Spring Precipitation -0.004 -0.600 -0.284 -0.291 -0.282 
Summer Precipitation 0.299 0.159 0.463 -0.537 -0.067 




0.256 0.205 0.162 0.136 0.085 
-Cumulative 0.256 0.461 0.623 0.759 0.844 
Eigenvectors 2.044 1.64 1.299 1.092 0.68 
 
We found significant temporal trends for climate PC1 and climate PC3, but not for 
climate PC2 or PC4 (Table 2.2). For climate PC1, a linear regression model indicated a 
significant positive trend for 1962-2002 (Table 2.2; slope ± se = +0.07 ± 0.02), while the 
piecewise regression model indicate no trend until 1981 (slope= 0.00 ± 0.10 for 1962-1981) 
followed by a positive trend (slope= 0.04 ± 0.04 for 1981-2002; Figure 2.3). For climate PC3, no 
significant linear trend was found  for 1962-2002 (Table 2.2), but the piecewise regression 
identified two linear trends with a cut-off point in 1978, with a positive trend for 1962-1978 
(slope= 0.08 ± 0.09), followed by a drop in 1978 and a lesser positive trend (slope= 0.04 ± 0.04 
for 1978-2002; Figure 2.3). No significant temporal trends were found for climate PC2 and PC4. 
56 
 
In terms of climate trends, we therefore had some evidence for a change in 1962-2002 
towards relatively warmer winters and autumns, wetter autumns, and dryer winters, 
particularly after 1981. We also had evidence for a shift in climate PC3 after 1978, with 
relatively warmer winters and warmer and dryer summers (relatively lower climate PC3 
scores) during 1978-2002 as compared with 1962-1978.  
Table 2.2. Results of the analyses exploring temporal trends in climate or land use variables (PC scores – 
see Tables 1 and 3) for the period 1962-2002 in the whole Castilla-y-Leon regions.  We tested for linear 
trends using linear regressions, and for potential changes in linear trends before/after a certain year 





























Climate PC2 0.068 0.796 -2.39 2.795 0.054 18.47 
Climate PC3 1.429 0.239 1.06 3.122 0.037 20.20 
Climate PC4 0.249 0.620 -1.91 2.448 0.079 16.56 
Land use variables       
Land use PC1 167.7 <0.001 81.13 346.3 <0.001 96.56 


















































a   Climate PC1
b   Climate PC2
c   Climate PC3
d   Climate PC4
 
Figure 2.3. Climate trends for the Castilla-y-Leon region in 1962-2002. The figure illustrates changes over 
time in climate PC scores that summarized the seasonal temperature (ºC) and precipitation (mm) 




The cross correlation analyses between climate PC scores and CyL vole occupancy 
showed an association with climate PC1 only, with significant positive correlations for time lags 
between -8 to +2 years (Figure 2.4). The increase in vole occupancy therefore appeared to 
have followed the trend for increased winter and fall temperature, increased fall precipitation 
and reduced winter precipitations.   
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Figure 2.4. Results of the cross correlation analyses between the vole occupancy data (% of agrarian 
counties occupied by common voles) and: top) the climate data (climate PC1 and PC2- see Table 1) or 
bottom) the land use data (land use PC1 and PC2- see Table 2). The significance of the correlations at 




Land use trends and vole colonization  
We first summarized yearly land use data from the whole CyL region using a PCA (Table 
2.3).The first PC (land use PC1) explained 59.8% and variance, positively correlated with the 
extent of irrigated and non-irrigated cereal, the extent of other irrigated crops, except alfalfa, 
and cattle numbers, and negatively correlated with the extent of fallows and non irrigated 
other crops (Table 2.3). Land use PC2 explained a further 25.8% of variance, positively 
correlated with the extent of irrigated and non-irrigated alfalfas, and negatively correlated 
with the extent of non-irrigated other crops, sheep, goat and cattle numbers (Table 2.3). 
Table 2.3. Results of the Principal Component Analysis of region wide yearly land use data 1962-2002.  
 
 
Land use PC1 Land use PC2 Land use PC3 
Non irrigated Cereal
1
 0.392 0.125 -0.394 
Irrigated Cereal
1
 0.404 -0.094 0.039 
Non irrigated Other Crops
2
  -0.362 -0.258 0.021 
Irrigated Others Crops
2
  0.381 -0.134 0.416 
Non irrigated Alfalfa 0.296 0.408 0.174 
Irrigated Alfalfa 0.196 0.526 -0.406 
Fallows -0.38 0.272 -0.043 
Bovine cattle N. 0.352 -0.335 0.204 









-Cumulative 0.598 0.856 0.925 
Eigenvectors 5.39 2.32 0.619
 
1 
cereal= wheat or barley
 
2 
Includes maize, sugarbeet, sunflower, pea and oats.  
 
Analyses of trends in land uses, as summarized by land use PC1 and PC2, indicated 
significant temporal increases, which were best described by piecewise regressions rather than 
by linear regressions (Figure 2.5; Table 2.3). Land use PC1 showed a marked increased in 1962-
1992 (slope ± se = +0.27 ± 0.09), followed by a continued but lessened increase in 1992-2002 
(slope = +0.20 ± 0.04). Land use PC2 showed a marked increased in 1962-1979 (slope = +0.22 ± 
0.03) followed by a decrease in 1979-2002 (slope = -0.24 ± 0.01). In 1962-1992, the crop 
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surfaces used for non-irrigated cereals, irrigated cereals, and for other irrigated crops 
increased by 42%, 174% and 77%, respectively (see supplementary material, Figure S1). In 
1962-1979, crop surfaces used for non-irrigated and irrigated alfalfa increased by 398% and 
230% respectively (see supplementary material, Figure S2.1).  
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Figure 2.5. Changes over time in land use within the CyL region as summarized by the first two land use 
PC scores (see Table 3). Changes in vole occupancy (% of agrarian counties occupied by common voles, 
thin dashed line) are also shown for comparison.  
 
The cross correlation between land use PC scores and the CyL vole occupancy showed 
a strong positive association with land use PC1 for time lags between -16 to +2 years, and with 
land use PC2 scores for time lags between -16 to -9 years (all correlation coefficients > 0.86, 
Figure 2.4). In other words, the vole expansion appeared to have followed the changes in land 
uses summarized by land use PC1 scores (increases in irrigated and non-irrigated cereals, and 
in other irrigated crops), as well as those described by land use PC2 scores (increases in non-
irrigated and irrigated alfalfas) but with a greater time lag for the latter.  
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 We further looked at the association between the changes in the extent of “green 
crops”, i.e. those crops a priori most favorable to common voles (i.e. irrigated herbaceous 
crops and alfalfa) at the regional level and at the provincial level (focusing on the Valladolid 
and Zamora provinces where voles were absent in 1973). At the regional level (Figure 2.6a), 
the vole expansion appeared to have closely followed the increase in the extent of green crops 
that took place, presenting a positive cross-correlation for time lags between -15 to -1 years 
(all coefficients > 0. 87, all P < 0.01). Similar temporal associations were also found with the 
extent of green crops for the Valladolid province and Valladolid vole occupancy (Figure 2.6b), 
with a positive cross-correlation for time lags between -13 to -1 years (all coefficients > 0. 84, 
all P < 0.01), and for the Zamora province and Zamora vole occupancy (Figure 2.6c), with a 
positive cross-correlation for time lags between -15 to -1 years (all coefficients > 0. 65, all P < 
0.01). Time lags revealed by the cross-correlation analyses appeared shorter for the Valladolid 
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Figure 2.6. Changes over time in the extent (surface area, in ha) of irrigated herbaceous crops and 
alfalfas a) in the whole of Castilla-y-Leon region, b) in the Valladolid province, and c) in the Zamora 
province. Changes in vole occupancy (% of agrarian counties occupied by common voles, thin dashed 
line-see Figure 2) are also shown for comparison. 
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Vole colonization at the agrarian county level 
The probability of colonization of a given agrarian county by common voles was significantly 
explained by its “neighboring vole presence level” (χ2=6.04; df = 1; p = 0.014), and by a 
marginally significant interaction between the extent of green crops and the 
“neighboring vole presence level” (green crops: χ2= 2.25; df = 1; p = 0.13; interaction: χ2= 
3.36; df = 1; p = 0.067; Figure 2.7). For a given county to be colonized common voles had to be 
already present in nearby adjacent county, and the greater the “neighboring vole presence 
level”, the greater the probability of colonization (Figure 2.7). In addition, colonization 
probability when “neighboring vole presence levels” were relatively low tended to be greater 
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Figure 2.7. Relationships between the probability of colonization by common voles of an agrarian 
county and the neighboring vole occupation level (the % of adjacent counties already occupied by voles) 
depending on the extent of “green crops” (irrigated herbaceous crops and alfalfas) within the province 
of the focal agrarian county. In the analyses, the extent of green crops is a continuous variable, but to 
illustrate its interaction with neighboring vole occupancy in explaining colonization probability, we 
categorized this variable using two classes (lower extent = lower than the median, ie <10%; greater 
extent = >10%). 
 
Discussion 
Climate, land use and common vole expansion 
In terms of climate trends, we only found significant changes for climate PC1 and climate PC3, 
and only the first one correlated with common vole occupancy data (Figure 2.4). Trends in 
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climate PC1, which occurred mainly after 1981, thus during the vole expansion, indicated a 
trend for increased winter and fall temperatures, as well as increased fall and reduced winter 
precipitation (Tables 2.1 & 2.3, Figure 2.3a). An increase in winter temperature and fall 
precipitation could increase vegetative growth during winter and thereby be favorable to 
common vole. Positive associations between common vole abundance and winter 
temperature have been found in the original distribution area (Fargallo et al., 2009), as well as 
an association between rainfall and vole abundance (Veiga, 1986; Fargallo et al., 2009). By 
contrast, increased fall precipitation has been associated with reduced vole abundances in 
agricultural areas (Arenaz, 2001), that could be related to a negative effect of flooding on vole 
abundance in agricultural plains (Jacob, 2003a). Climate conditions may have thus facilitated 
vole expansion, but regional climate trends alone do not appear to be sufficient to explain the 
vole expansion. Climate PC3 trends indicated a change towards warmer and dryer summers 
during the expansion, and this season is probably an important bottleneck for voles, in terms 
of green vegetation. Therefore, observed changes in summer climate were probably 
unfavorable to voles. Indeed, under current climate change scenarios, the common vole 
distribution range is expected to shrink in NW Spain, and to be limited to mountainous areas 
(Araujo et al., 2011). Altogether, we found weak, inconclusive associations between climate 
changes and the vole expansion, with some changes that were favorable to voles as well as 
others that were unfavorable. The possible climate effects and predictions should therefore be 
taken with caution; especially knowing that climate in the study region greatly varies from year 
to year (Figure 2.3). 
In contrast to climate, we found significant and dramatic changes in land uses during 
the study period. Most noticeably, a marked increase occurred in the areas cultivated with 
alfalfa (3- and 6-fold increases for non-irrigated and irrigated alfalfa, respectively), with 
irrigated and non-irrigated cereal (ca. 1.5-fold increase) and with other irrigated herbaceous 
crops (2-fold increase until the end of the 1980s). By contrast, areas cultivated with non 
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irrigated herbaceous crops and fallows decreased (Table 2.3, Figures 2.5 & S2.1). Cattle 
numbers increased during the study period, while sheep and goat numbers decreased until 
1980, and increased afterwards until the end of the 1990s (Table 2.3, Figures 2.5 & S2.1).  
Land use changes occurred concomitantly, and were highly cross-correlated with vole 
occupancy data (Figure 2.4). However, of all these changes, the marked increase in green crops 
(alfalfa, irrigated cereal and other irrigated herbaceous crops) during the study period (137% 
increase at regional level) could be the most important underlying cause of vole expansion in 
Castilla y León. Green crops could mitigate the negative consequences of Mediterranean dry 
periods for common voles, particularly in summer, since they would provide them with food 
when it would be scarcest, either from the crop itself or from the improved green vegetation 
in irrigated field margins, which are a particularly important habitat for voles in this agricultural 
area (Jareño et al., 2014). Moreover, alfalfas are one of the preferred habitats for the common 
vole in agricultural habitats in Europe (Janova et al., 2011) as well as in the study area (Jareño 
et al., 2014). Alfalfas are habitats where voles find refuge, quality food and stability to build 
their colonies, since they are not ploughed during the 5-7 years of continuous production. 
Changes in green crop surfaces were highly cross-correlated with vole occupancy data, both at 
the regional and at the province level (Figure S2.4). Moreover, we also found a positive effect 
of green crop surface when explaining the vole colonization probability at the agrarian county 
level: counties with more abundant green crops had a greater likelihood of being colonized 
when neighboring vole occupancy was lower (Figure 2.7). Thus, the positive association 
between vole occupancy and green crop surface extent appeared consistent at different 
spatial scales.  
Additionally, during the study period, habitat spatial structure also changed, with a 
marked increase in mean field size (see Supplementary Material, Figure S2.3), which indicated 
that at the same time as the land uses changed, the agro-environment became more 
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homogeneous. Common voles are more abundant in homogeneous habitats (Fischer et al., 
2011). This may be because there are fewer refuges for predators and a reduced species 
richness overall (Benton et al., 2003; Pereira et al., 2010), which could facilitate vole expansion 
(Gonzalez Esteban et al., 1995) or affect vole abundance fluctuations (Delattre et al., 1999). On 
the other hand, increases in field size would imply a reduction of areas occupied by edges, one 
of the preferred habitats for voles in the study area (Jareño et al., 2014), but this decrease may 
have been compensated through the increase in green crops. 
Finally, the reduction in sheep and goat numbers at the beginning of the study period, 
which mostly occurred in the northern and southern areas of CyL (Figure S2.2), i.e. in the 
original vole distribution areas, could have been favorable for the common vole expansion, as 
sheep grazing is known to reduce vole abundance in Europe (Steen et al., 2005; Evans et al., 
2006; Wheeler, 2008). This could have contributed to an initial increase in vole population in 
the original distribution areas, facilitating the beginning of the expansion period. In contrast, 
observed cattle trends were not in the expected direction to have had a role in vole expansion: 
the overall increase in cattle numbers throughout the time period would be negative for the 
common vole, as free-ranging cattle has also been shown to have a negative effect on 
common vole abundance (Torre et al., 2007). However, most of the increase in the study area, 
especially for milk production, was feedlot cattle (Domínguez-Martín, 2001; Garcia et al., 
2013), although the intensification was not so pronounced in the southern area (Milan et al., 
2006), where most of the overall increase occurred (see Supplementary Material, Figures S2.1 
& S2.2).  
 In summary, our results indicate that the vole expansion process in Castilla y León was 
associated with major land use changes that took place prior to and during the colonization 
period. Specifically, increases in the area occupied by farmland habitats more favorable to 
voles (i.e. irrigated crops, alfalfas) seem as the most plausible primary causal factor influencing 
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expansion, although this may have been further facilitated by a reduction in limiting factors 
such as the decline in sheep and goat numbers at the beginning of the expansion period, 
particularly in the original distribution area, or even a change in climate during autumn and 
winter. Further studies on the effect of landscape scale changes in habitat structure (e.g. 
changes in field size and edges) that went along with the reported land use changes would also 
be useful to get a more precise idea of how predation changes may have interacted with land 
use changes in facilitating vole expansion (Kraehenbuehl et al., 2010). 
Conclusions and implications: 
Land use changes, especially the increase in green crops, appear to be a main driver behind the 
expansion of the common vole into the previously unoccupied agricultural plains of Castilla y 
León. Establishing a link between changes in land use and the large-scale colonization of 
farmland areas has implications for the consideration of voles in farmland, and their future 
management. As soon as the common vole colonized the agricultural plains of Castilla y León, 
regular crop damaging outbreaks have occurred (Luque-Larena et al., 2013). This has created 
serious social unrest among farmers, who have urged governments to find solutions for the 
problem (ASAJA, 2012; EFE, 2013). In turn, this has prompted occasional large-scale and/or 
intensive vole control campaigns (Dirección general de recursos agrícolas y ganaderos, 2009; 
Jacob and Tkadlec, 2010), which have been criticized in other sectors of society: e.g. the 
chemical control campaigns have caused undesirable environmental impacts, through the 
poisoning of non-target species (Olea et al., 2009; Sanchez-Barbudo et al., 2012). Partly, the 
expectation of farmers is to “get rid” of the species that causes the problem. However, the 
land use changes that took place in the study area, have modified the landscape turning it into 
beneficial for the common vole, and are unlikely to change. This is because these changes are 
associated with a more economic approach to agriculture, higher revenues, and higher 
demands of certain crops (for example, irrigated alfalfa in Castilla y León had 175 % more yield 
that non irrigated alfalfa in 2010,(Ministerio de agricultura Alimentación y Medio Ambiente, 
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2011). Therefore, the implication is that current farming systems in Castilla y León are 
unavoidably concomitant with vole occurrence, and therefore these systems need to integrate 
long-term, sustainable and economically viable ways of dealing with this species as part of the 
ecosystem. Therefore, it would also be useful to integrate both potential crop damages and 
vole control campaign costs when evaluating the cost-efficiency of different land uses, and 
integrate this in the decision-making process of farmers and governments.  
This provides yet another example of how environmental costs should be integrated in 
the evaluation of human activities in order to make reliable cost / profit analysis of 
management actions. The question remains open, however, to who should bear the payment 
of the environmental costs, and how this can be integrated in the evaluation of the 
sustainability of farming activities. 
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 Figure S2.2. Trends in livestock numbers in Castilla y León by zone: North (black line, includes the 
provinces of León, Palencia and Burgos), Central (blue line, includes Valladolid y Zamora) and South (red 



























































Figure S2.3. Trends in average field size at the regional level (CyL) and province levels (Valladolid and 
Zamora provinces). Data obtained from “Censos Agrarios de España” (INE, Instituto Nacional de 























Figure S2.4. Results of the cross correlation analyses between the vole occupancy data (% of agrarian 
counties occupied by common voles) and green crops surface in ha for the regional level (CyL, top left) 
and province level (Valladolid, top right and Zamora provinces, bottom left). The significance of the 
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 Rodent outbreaks in agricultural areas cause significant crop damages worldwide, an accurate 
and timely prediction of these outbreaks would be one of the most powerful management 
tools for managers, as it would enable the earlier implementation of control measures, which 
would help to reduce the impact of the outbreak. The common vole (Microtus arvalis) has 
become an agricultural pest in the recently colonized plains of the northern Iberian Plateau, 
where it has been producing outbreaks every 5 years approximately, the causes behind these 
outbreaks are uncertain, but in northern latitudes vole outbreaks occurred in years with 
above-average vegetative growth. We studied the relationship between vole outbreaks and 
vegetative growth (measured using NDVI), and found that vole outbreaks occurred in years 
with above-average summer NDVI, which had below-average autumn NDVI in the previous 
year. Since vegetative growth is related to the weather in previous seasons we used seasonal 
climate variables (temperature and precipitation for each season) to create models capable of 
predicting vole outbreaks. We found that models that included the variable spring 
precipitation were the most accurate, since all years with vole outbreak had above-average 
spring precipitation. Thus, it would be possible to predict vole outbreaks, but only when 
damages may be already occurring. Further research of factors that affect climate patterns in 
the study area would be necessary to achieve an earlier prediction of vole outbreaks. 
Introduction 
Species that exhibit regular fluctuations in abundance, or population cycles, have been of 
particular interest to ecologist for a long time (Berryman, 2003; Turchin, 2003; Krebs, 2011; 
Martínez-Padilla et al., 2014). The evolutionary meaning and ecological mechanisms behind 
these regular demographic oscillations are probably the most long-standing problems of 
ecology (Begon et al., 2006). Many hypotheses have been proposed to explain population 
cycles, some of them based on the effects of intrinsic factors (e.g. kinship or territorial 
behavior;(Mougeot et al., 2003a; Mougeot et al., 2003b; Lambin et al., 2004; Watson and 
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Moss, 2008), others on extrinsic factors (such as food availability, predation or diseases 
(Berryman, 2003; Turchin, 2003; Redpath et al., 2006) or on a combination of both (Bjørnstad 
and Grenfell, 2001; Aars and Ims, 2002; Zhang et al., 2003; Korpimäki et al., 2004; Jacob et al., 
2007; Krebs, 2011; Martínez-Padilla et al., 2014). 
Climate has traditionally been excluded as a potential single factor explaining the 
occurrence of population cycles, because weather varies in an erratic and unpredictable way, a 
priori incompatible with regular population fluctuations (Begon et al., 2006). However, climate 
may have a crucial role explaining irruptive outbreaks of non-cyclic species, such as common 
mouse in Australia or gerbils in central Asia (Brown and Singleton, 1999; Kausrud et al., 2007) 
and climate variations may affect unstable population dynamics in a number of ways in the 
case of species with regular cyclic fluctuations in abundance. Climate can have forcing or 
synchronizing effects on cyclic population dynamics, through its interaction with density-
dependent and regulatory processes (Grenfell et al., 1998; Hudson and Cattadori, 1999; 
Watson et al., 2000; Turchin, 2003). For instance, climate may synchronize population crashes, 
through indirect effects on parasites responsible for collapses (Cattadori et al., 2005), or may 
synchronize events of rapid population growth, by increasing food abundance and breeding 
rate. Large scale climate variations can have a remarkable temporal regularity (e.g. El Niño 
Southern Oscillation ENSO, with regular fluctuations of 3-6 years; (Diaz et al., 2001; Deser et 
al., 2012), which may in turn entrain  the regular occurrence of rodent cycles or outbreaks at 
large spatial scales (Jaksic et al., 1997; Lima et al., 1999a; Lima et al., 1999b; Watson et al., 
2000; Zhang, 2001; Yates et al., 2002; Jiang et al., 2011). Finally, climate may also influence the 
amplitude of cyclic fluctuations in abundance: climate change, through its effects on winter 
population growth rates, has been linked with the recent dampening of population cycles in 
several rodent species throughout Europe (Ims and Fuglei, 2005; Cornulier et al., 2013). 
Population cycles seem to be particularly common in rodents of northern latitudes that 
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have been the study model of this phenomenon for a century (Elton, 1942). The effect of 
weather on rodents, typical primary consumers in ecosystems, has been usually assigned to 
indirect climatic effects on vegetation development, particularly in the case of rainfall in semi-
arid environments (Jaksic et al., 1997; Leirs, 1999; Lima et al., 1999a; Lima et al., 1999b; 
Singleton et al., 2005a; Kausrud et al., 2007), although direct effects on reproduction or 
survival have also been found (Brown and Ernest, 2002). The huge areas that can be affected 
by rodent outbreaks make ground measurement of primary production or rodent demography 
an expensive and challenging task (Imholt et al., 2011). However, the recent use of remote 
sensing has enormously facilitated this kind of large-scale ecological studies, especially near-
infrared/red ratios like the NDVI (Normalized Difference Vegetation Index; (Rouse et al., 1974) 
and intercepted radiation has provided especially good results. Therefore, NDVI one of the 
most widely used spectral vegetation index in ecological research, where it has a plethora of 
potential applications (Pettorelli et al., 2011).  
NDVI is highly correlated with aboveground net primary production (ANPP) (Paruelo et 
al., 2000; Schmidt and Karnieli, 2002; Paruelo et al., 2004; Piñeiro et al., 2006), it is being used 
as a surrogate of vegetal primary, it is considered as an extremely useful tool to estimate 
primary production of ecosystems in large-scale studies (Pettorelli et al., 2011), and may allow 
to establish links between vegetal primary productivity and events of marked population 
growth of small herbivore populations (bottom-up effects of vegetation on rodent numbers; 
(Porcasi et al., 2005; Jiang et al., 2011; Monjeau et al., 2011). It may also allow to investigate 
the negative effects that a dense population of rodents may have on vegetation (top-down 
control of primary production, thus, the equivalent to crop damages; (Olofsson et al., 2012). 
NDVI variation, as it reflects primary production, is intimately linked to climate variation, as 
well as to the effect of large-scale recurrent perturbations of vegetation layers typical of 
agrarian management (e.g. harvesting or tilling), and is therefore particularly useful to link 
climate variation with rodent outbreaks in this context (Andreo et al., 2009; Fabricante et al., 
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2009; Jiang et al., 2011; Yan et al., 2012). 
The common vole (Microtus arvalis) is a microtine rodent currently considered as the 
main rodent pest species in temperate European agrarian ecosystems (Jacob and Tkadlec, 
2010). Common vole population dynamics are often cyclical, with periods typically of 3-5 years, 
sometimes of 2-10 years; but  non-cyclic irruptive, population outbreaks have also been 
described (Mackin-Rogalska and Nabaglo, 1990; Tkadlec and Stenseth, 2001; Lambin et al., 
2006). The Iberian Peninsula is the southern limit of the species range. In NW Spain, the 
species traditionally occupied mountain grassland areas, but from the 70s, it rapidly ( 20 years) 
colonized lower altitude agrarian areas (Luque-Larena et al., 2013)(Fig. 1). And soon after 
common voles reached agrarian lands, large-scale crop-damaging outbreaks occurred, with a 
5-year recurrent pattern (Luque-Larena et al., 2013). 
In this agrarian area, common voles reach maximal densities in alfalfa fields, that is 
considered a preferred habitat for this species all over Europe (up to >1000 voles/ha; 
(Heroldova et al., 2007; Jareño et al., 2014), and in other habitats with high wild vegetation 
cover (pasturelands and fallows), including narrow linear patches (field edges and road/track 
ditches), while cereal plots are a marginal almost unoccupied habitat (Jacob et al., 2013; 
Jareño et al., 2014). However, in outbreak years, most crop damages have been reported for 
cereal crops, that seem to be seriously invaded only in these years of maximal vole densities. 
Outbreak impacts on crop production prompt costly control campaigns based on the use of 
rodenticides, which have important negative side-effects (Sarabia et al., 2008; Sánchez-
Barbudo et al., 2012). Preventive measures within an integrated control system are currently 
advocated as the best way to deal with this problem both in ecological and economical terms 
(Singleton et al., 2005b; Brown et al., 2006). For this, the ability to forecast outbreak is a crucial 
element (Davis et al., 2004; Imholt et al., 2011), and may be improved by linking climate and 
NDVI variations, and the occurrence of large scale regional outbreaks. In this paper, our main 
objectives are as follows: 
81 
 
 1) to investigate the links between climate variation, landscape patterns of primary 
production, estimated using NDVI, and the occurrence of past vole outbreaks in NW, based on 
data from a recent historical reconstruction (Luque-Larena et al., 2013). We predict that 
above-average precipitation will be linked with higher primary production, especially in the 
agricultural areas of our study, where water is a scarce resource. Consequently, as we expect 
vole outbreaks to be related to high primary production, outbreak years probably should occur 
in years with above-average precipitation.   
2) To evaluate the usefulness of climate data to predict regional scale outbreaks, and provide 
forecasting tools for preventive control of outbreaks. 
Methods 
Study area and vole outbreaks 
Our study area comprises Castilla y León autonomous region, located in the northern plateau 
of the Iberian Peninsula (Fig.3.1). The whole area (9.422.100 ha) is divided into 9 
administrative provinces and 59 agrarian counties (Fig. 3.1). The region holds the entire 
Spanish sector of the river Duero valley and includes central agricultural plains surrounded by 
mountain ranges with colder and wetter climate (Fig. 1c, d). Woodlands and pasturelands 
dominate the mountainous belt, whilst the central plains are mainly dedicated to agriculture 
(ca. 3.7 million ha) (Gil and Torre, 2007). The central agricultural region is mainly characterized 
by a Mediterranean climate in terms of annual precipitations (i.e., equinoctial rains, marked 
summer droughts) but with a continental character in terms of temperatures (i.e., wide 
seasonal temperature oscillation, strong and frequent winter frosts). 
The common vole was originally restricted to mountains in the periphery of the large 
agricultural area occupying the centre of the study area that was colonized between the end of 
70s and 1993 (Luque-Larena et al., 2013). Several common vole outbreaks have been recorded 
in this agricultural area since its colonization. The first historical records of vole outbreaks were 
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local, affecting just one or two provinces in different years (1968, 1978 and 1983-1986; 
(Gonzalez Esteban et al., 1995; Luque-Larena et al., 2013); Fig. 3.1). But when most of the 
region was already colonized, four large-scale synchronized outbreaks occurred (1988, 1993, 
1997 and 2007) as identified by a historical reconstruction based on a review of scientific, 
agrarian and journalistic data (Luque-Larena et al., 2013). In 2011 an increase in vole 
abundance was reported for the region, it was registered by a monitoring program started in 
2009 (Paz et al., 2013), some agricultural unions considered it to be an outbreak (El Norte, 
2012), and control campaigns were applied in many places (Costilla, 2012) (see also Jareño et 
al. in prep; Chapter 5). Therefore, we considered it as an outbreak year for analyses. As the 
identification criteria were different that for the previous outbreaks, we also performed the 















Figure 3.1. Location of the study area in NW Spain with the boundaries of the nine administrative 
provinces (upper left panel);  area colonized by common voles between end of 70s and 1993, 
mainly agricultural land (upper right panel; see Fig. 2 and Luque-Larena et al. 2013); and averaged 
yearly precipitation and temperature in this region (bottom panels; AEMET, 2011). Provinces: 
AV=Ávila; BU= Burgos; LE= León; PA= Palencia; SA= Salamanca; SE= Segovia; SO= Soria; VA= 
Valladolid; and ZA= Zamora.  
 
NDVI data 
The temporal analysis of changes in vegetation productivity was based on the NDVI spectral 
vegetation index. We used the Relative Greenness Index (RGI) to analyze the NDVI image 
series (Burgan and Hartford, 1993). RGI indicates how green a given pixel is in relation to the 













Where NDVImin and NDVImax are the minimum and maximum NDVI value observed 
for each pixel (i), respectively, for all the images of the considered period. 
NDVI values for our study area were calculated using a historical archive of 
radiometric, atmospheric and geometrically corrected images provided by NOAA (National 
Oceanic and Atmospheric Administration) and based on AVHRR (Advanced Very High 
Resolution Radiometer) images with a 1km2 resolution. The AVHRR is a sensor on board of a 
sun-synchronous satellite, and its main advantages are the extensive temporal frame available 
(complete data since >25 years ago for our study area), its adequate spatial resolution (1km2) 
and its wide swath (2300km) to be applied on regional studies. The AVHRR revisit period of 
whole Castilla y León is 12 hours (1 diurnal image per day), but, in order to improve data 
accuracy, we have considered ten-day maximum value composite images, given that, due to 
the orbital period of the sensor covering all geometry of the target scenarios, the different 
geometry of vision can introduce bi-directional reflectance effects. On the other hand 
temporal maximum value compositing techniques are used to minimize the effect of 
atmospheric spectral attenuation, assuring correct rejection of cloudy pixels and shadows 
(Holben, 1986). 
Three main vegetation types were considered in this region to select the pixels on 
which NDVI calculation was based, as mapped in Corine 2000 cartography (Instituto Geográfico 
Nacional (IGN), 2000): dry crops (category “arable land on dry regime”, mainly cereal, with 
minor amounts of legumes, including alfalfa, sunflower, and others; MAGRAMA), irrigated 
crops (category “herbaceous irrigated crops”, including a wide array of irrigated crops, 
dominated by cereal, alfalfa, sugar beet and maize; MAGRAMA) and pasturelands (categories 
“pastureland”, “pasturelands and/or meadows”, and “other pasturelands”). These are the 
main habitats of common voles in the agricultural area where outbreaks occur (Jareño et al., 
2014). Land-use distribution was obtained by a CORINE land cover degraded to 1km2 pixel 
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resolution. The original CORINE pixel size is 250*250 m, so 1 degraded pixel contains 16 
original ones. The land use category assigned to each 1 km2 pixel was that dominant among 
those mentioned above, provided that it occupied more than 50% of the area, otherwise the 
pixel was considered as null and removed from analyses. This up-scaling was necessary to 
combine land-use data with NOAA images, and allowed to absorb small variations on the land 
cover throughout the period considered.  
We used a final dataset containing 792 (22 years x 36 images per year) 10-day 
composite images spanning the period October 1986 to September 2008 for the three main 
habitat types found in each agrarian county (“comarcas agrarias”, N=59; see Fig. 3.1). Data 
were pooled within “agrarian years”, as defined by the Spanish Ministry of Agriculture (from 
September to august of the next year), and throughout the text we refer to this when speaking 
about “vole outbreak year” or “years without vole outbreaks”. In the only long-term series of 
trapping data in Spain, no difference in vole density has been found between spring and 
autumn (Fargallo et al. 2009). Maximal vole densities have been reported in summer-autumn 
of the outbreak year (Luque-Larena et al., 2013), and thus we have considered the seasons 
before the summer of the outbreak year for forecasting purposes. 
Climate data 
Precipitation and temperature data for the Castilla y León region were provided by the 
National Meteorological Institute. For analysis, we averaged weather data from representative 
meteorological stations within each province, building up a dataset with daily station data 
from 1986 to 2012. Data from 3 to 10 stations per province were used. We used averaged data 
per province since we only know the annual existence of vole outbreaks for each province or 
the whole region (there was no detailed information available about the spatial distribution of 
vole outbreaks at a finer spatial scale, like for instance at the agrarian county level (see (Luque-
Larena et al., 2013). We summarized mean temperature (T) and total precipitation (P) during 
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the same 10-day periods considered for composite NDVI images.  
Principal component Analysis 
The 10-day NDVI composite images resulted in a high degree of co-linearity within the data 
set, probably reflecting a similar evolution of this variable in neighbor counties and at similar 
dates. Principal components analysis (PCA) was used to reduce NDVI data to a smaller number 
of predictors summarizing seasonal variations. The input data for this analysis consisted of a 
matrix of 36 variables (the NDVI value of each 10-day period per year) obtained from each 
habitat type at each agrarian county on each year. The PCA assumes that multi co-linearity 
among recorded variables reflects the existence of a smaller number of underlying explanatory 
factors (James and McCulloch, 1990). The PCA allowed summarizing the NDVI data set into 
uncorrelated axes (Principal Components, hereafter PC’s), which were firstly interpreted as 
environmental gradients associated to season (see Results) and that were subsequently used 
as predictors in our models of probability of vole outbreak occurrence. We retained PC’s with 
an eigenvalue >1. Principal components were interpreted by detecting the variables with the 
highest factor loadings. 
Modeling procedures 
We examined whether NDVI principal components varied among years, spatially (between the 
nine provinces considered) and between habitat types. We therefore used Generalized Linear 
Mixed Models (GLMM; lmerTest package, R version 3.0.1;(Kuznetsova et al., 2012), considering 
province and habitat type (pasturelands, dry crops and irrigated crops) as fixed factors, and 
year as a random term. The significance of the fixed effects was tested using an F statistic with 
Satterthwaite approximation for degrees of freedom (Littell et al., 1996), whereas the 
significance of the random effect was tested using a log-likelihood ratio test.  
Secondly, to assess the relationship between vegetation seasonal biomass productivity 
and the occurrence of vole outbreaks in Castilla y León, we used generalized linear mixed 
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models (GLMM) regressions based on a binomial logit-link function (R version 3.0.1, package 
lme4, (Bates et al., 2013). We included the four principal components (i.e. NDVI scores during 
the four seasons, see Results) as linear predictors of vole outbreak occurrence each year. 
Province was included as a random variable to account for replication of provinces between 
years.  
To determine if temperature and precipitation were effective predictors of NDVI 
(principal components), GLMM using the principal components as response variables were 
used. NDVI principal components were analyzed separately (one test for each principal 
component), and each model included, as predictors, the total seasonal precipitation and 
mean seasonal temperature of the period of interest as well as those of the three previous 
periods, in order to look for lagged associations. Province was also included as a random 
variable to account for replication of provinces between years.  
Model selection 
Since we are interested in outbreak prediction, a model with simple-to-measure variables and 
good accuracy in discrimination is needed. With this aim, and given that climatic variables 
were good predictors of NDVI across habitats and years (see results), we used commonly 
measured climatic parameters (temperature and precipitation) instead of NDVI variables, 
which are more complex to analyze and interpret. We used GLMMs with model selection to 
examine the influence of key variables on vole outbreak occurrence (1=outbreak year; 0=other 
years). We included climatic variables (total precipitation and mean temperature) averaged 
over the four periods described by principal component analysis on NDVI data as linear 
predictors, assigning the model to a binomial error distribution and a logit link function. 
Province was also included as a random variable to account for replication of provinces 
between years.  
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Akaike information criterion (AIC), and Bayesian information criterion (BIC) were used 
to select the best fitting model among all candidate ones (Burnham and Anderson, 2002). 
Bayesian information criterion is a more conservative criterion than AIC (Buckland et al., 1997), 
as BIC penalizes model complexity more heavily than AIC. Models with a difference in AIC or 
BIC (termed ΔAIC and ΔBIC, respectively) <3 were considered equivalent, whereas models with 
ΔAIC/ΔBIC= 3-7 had less support. Models with ΔAIC/ΔBIC> 7 had very little support compared 
to the best model (Burnham and Anderson, 2002). Akaike weights (wi) were used to determine 
the probability that the model with the lowest AIC or BIC was the best model. The closer wi 
was to 1, the more likely that the best model was the most useful one (Burnham and 
Anderson, 2002). Four models were constructed: the first was a global model that included all 
variables. The second was the simplest (most parsimonious) model (the best model with one 
single predictor). Two additional models, including two and three predictors respectively, were 
also selected based in previous results. 
To assess the goodness-of-fit of each candidate model, we used the area under the 
curve (AUC) of a receiver operating characteristic (ROC) plot, which ranges from 0 to 1 and 
measures the ability of the model to discriminate between success and failure (Hosmer and 
Lemeshow, 2000). We used a 10-fold cross-validation method to test model accuracy (Kohavi, 
1995). We judged the predictive usefulness of the models using the criteria of (Fielding and 
Bell, 1997): an AUC value of 0.5 indicates that the model performs no better than random and, 
as AUC approaches 1, predictive accuracy increases, with 0.7 being considered as a reasonable 
cutoff for a valid model.  
All models were run in R 2.15.1 (R Development Core Team, 2011), using the lme4, 




Table 3.1. Results of principal component analysis of NDVI data (data pooled for the three main types of 
land uses considered, see Fig. 2) averaged over 10-day periods within each month in a given a year (1= 
first 10-day period; 3=last 10-day period in the month). Overall data spanned the period October 1986-
September 2008. Principal component scores (highest values in bold), eigenvalues and % of variance 
explained by each factor are indicated at the bottom of the table.  
 Principal Component 
Variable PC1 PC2 PC3 PC4 
October-1  0.486247 0.75623 0.123241 0.047392 
October-2  0.640242 0.67413 0.153739 0.101091 
October-3 0.768386 0.52975 0.166324 0.168308 
November-1 0.843909 0.3895 0.163515 0.231073 
November-2 0.889734 0.2758 0.143892 0.279335 
November-3 0.905814 0.1848 0.11544 0.323558 
December-1 0.895177 0.12559 0.090917 0.367073 
December-2 0.866824 0.08718 0.072403 0.426282 
December-3 0.817553 0.06918 0.058386 0.507587 
January-1 0.718722 0.062 0.027943 0.64082 
January-2 0.642693 0.07642 0.037005 0.714114 
January-3 0.568688 0.09658 0.052448 0.771794 
February-1 0.496496 0.11373 0.071655 0.820181 
February-2 0.424232 0.13378 0.097599 0.859952 
February-3 0.356747 0.14842 0.136944 0.889001 
March-1 0.297007 0.14331 0.197085 0.901982 
March-2 0.243186 0.11131 0.276797 0.899714 
March-3 0.187767 0.05777 0.381554 0.873736 
April-1 0.139487 0.01046 0.498027 0.812332 
April-2 0.116025 0.06485 0.621695 0.713239 
April-3 0.112168 0.07097 0.747217 0.586953 
May-1 0.119351 0.01126 0.855816 0.446207 
May-2 0.122814 0.12991 0.921111 0.302934 
May-3 0.116175 0.32964 0.900565 0.169542 
June-1 0.109267 0.52899 0.791472 0.068236 
June-2 0.109941 0.70002 0.627457 0.017572 
June-3 0.112968 0.83466 0.443659 0.020828 
July-1 0.110245 0.92254 0.267233 0.053236 
July-2 0.102318 0.96144 0.133473 0.086338 
July-2 0.094268 0.97455 0.053532 0.098778 
August-1 0.091485 0.97849 0.015223 0.097501 
August-2 0.093771 0.97834 0.006708 0.08782 
August-3 0.108297 0.97485 0.011387 0.076588 
September-1 0.134359 0.96843 0.020238 0.062711 
September-2 0.178738 0.95087 0.031608 0.048754 
September-3 0.236267 0.90143 0.04802 0.035663 
     
Eigenvalues 18.90 8.76 4.27 1.85 





Principal component analysis of NDVI data 
The PCA on NDVI data resulted in four principal components (PCs) that explained 94% of the 
total variance. The factor loadings, eigenvalues and percentage of variation explained by the 
PCA are shown in Table 3.1. Since NDVI has been shown to be highly correlated with vegetal 
productivity and the NDVI values from the third ten-day-period of October to the first ten-day-
period of January strongly correlated within the first principal component (PC1), this 
component can be considered as 'Autumn' productivity (third ten-day-period of October to 
first ten-day-period of January), explaining 53.5% of the variance (hereafter autumn NDVI). The 
second principal component (PC2), which accounted for 24% of the explained variance, 
captured basically 'Summer' productivity (hereafter summer NDVI, second ten-day-period of 
June to second ten-day-period of October). The third component (PC3; 11.7% of variance 
explained) showed the degree to which productivity was maintained from late April to early 
June ('Spring' productivity, hereafter spring NDVI, third ten-day-period of April to first ten-day-
period of June), whereas the fourth principal component (PC4; 4.7% of variance explained) 
correlated with productivity during 'Winter' (second ten-day-period of January to second ten-
day-period of April, hereafter winter NDVI). Thus, each principal component reflected seasonal 





Figure 3.2. Land-use data considered to calculate NDVI, extracted from Corine 2000, and upscaled at 1 
km
2
 pixels. Every pixel was assigned to one of four dominant land-uses: pastureland/meadows (green 
color, bottom left panel); dry crops (mainly cereal, yellow, bottom central panel) and irrigated crops 
(red, bottom right panel). In black all other land uses not considered to calculate NDVI. In the upscaled 
detail map (upper right panels) the result of the upscaling data transformation rom Corine pixel size 
(250 m-side squares, upper right) to NDVI pixel size (1 km
2
, bottom right). In these detail maps it can be 
noticed that although crops dominate the landscape in the agrarian area occupying central plains, there 
are also isolated and dispersed pixels of pasturelands/meadows. 
 
Temporal and spatial variation in NDVI according to types of land-use  
Dry crops were the dominant land-use in central plains, with irrigated land concentrated on 
smaller areas, often associated with rivers. Most pastureland was on the mountain belt, or in 
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small and disperse patches within lowlands (Fig. 3.2). Overall, year to year variation in NDVI PCs 
values was very similar among the three land uses considered (Fig. 3.3).  
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Figure 3.3. Yearly variation mean (+- SE) seasonal NDVI principal components (see Table 1) according to 






Spring productivity (PC3 in Table 3.1) showed significant differences between years (χ21 
= 245, P< 0.0001), habitat types (F2,360 = 157.94, P< 0.0001) and provinces (F8,160 = 48.42, P< 
0.0001). The highest NDVI spring values were those of dry crops followed by pasturelands, 
whereas irrigated crops showed the lowest relative values, although differences among land 
uses were relatively small as compared to other seasons (Fig. 3). The interactions year-province 
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and habitat type-province were also statistically significant (p<0.0001 in both cases). The 
significant interaction province and habitat type indicated that differences in vegetal 
productivity between habitat types were not consistent among provinces. Similarly, the 
significant interaction between year and province indicated that regional differences in autumn 
NDVI values varied from year to year. 
Summer productivity (PC2) also varied among years (χ21 = 365, P< 0.0001), between 
habitat types (F2,360 = 742.67, P< 0.0001) and between provinces (F8,160 = 247.94, P< 0.0001). 
Overall, irrigated crops showed the highest summer values, similar or slightly higher to those of 
pasturelands, while dry crops had markedly lower values (Fig. 3.3). The interactions year-
province and habitat type-province were also statistically significant (p<0.0001 in both cases). 
Autumn NDVI (PC1) also showed significant variation among years (χ21 = 259, P< 
0.0001), habitat types ( F2,360 = 237.2, P< 0.0001) and between provinces (F8,160 = 37.06, P< 
0.0001). Pasturelands showed the highest NDVI values in this season, while dry and irrigated 
crops showed similar lower values (Fig. 3.3). The interactions year-province and habitat type-
province were also statistically significant (p<0.0001 in both cases). 
As with the other three components, winter productivity (PC4) showed significant 
interannual variation (χ21 = 273, P< 0.0001). This component also varied geographically 
(Province: F8,160 = 158.11, P< 0.0001) and between habitat types (F2,360 = 288.78, P< 0.0001). 
Irrigated crops showed the lowest winter NDVI values, whereas pasturelands and dry crops 
showed the highest values during this period. The interactions year-province, and habitat type-




Figure 3.4. Yearly variation in mean (red point in each box) and median (black line in each box) for 
summer NDVI (PC 2 in Table 1), whiskers indicate lowest datum still within 1.5 IQR of the lowest and 
highest quartile. Years with vole outbreaks are highlighted in blue (box color). 
 
Relationship between NDVI and vole outbreaks 
The probability of a vole outbreak occurring in a given year was significantly explained by 
autumn NDVI (PC1) and summer NDVI (PC2). Years with vole outbreaks showed higher summer 
NDVI values (Z= 3.19, n= 189, P= 0.0014; Fig. 3.4) but lower previous autumn NDVI values (Z= -
3.30, n= 189, P= 0.0095). There was no significant effect of spring or winter NDVI on the 
probability of occurrence of a vole outbreak (winter: Z= 0.77, n= 189, P= 0.43, and spring: Z= 




Table 3.2. Relationships between NDVI seasonal principal components (PCs 1-4 in Table 1) and climatic 
variables for the same year and previous year (meteorological data averaged for the same periods than 
PCs in Table 1). Results of linear mixed models. ***< 0.0001; **< 0.001; *<0.05; $ <0.1 
 Spring NDVI year t Summer NDVI year t Autumn NDVI year t Winter NDVI year t 
 Estimate Effect size Estimate Effect size 
Estimate Effect size Estimate Effect size 
Temperature         
Summer —0.362 3.78
$
 —0.523 19.29*** 0.365 3.28
$
  ns 
Spring   ns  ns  ns 0.486 5.36* 
Winter  0.696 13.88**  ns  ns  ns 
Autumn  —0.465 5.34*  ns —0.313 3.46
$
  ns 
Precipitation         
Summer   ns 0.010 20.13***  ns  ns 
Spring   ns 0.012 19.63*** 0.009 4.57*  ns 
Winter   ns  ns 0.012 25.46***  ns 
Autumn   ns 0.005 19.17*** 0.003 4.80* 0.005 5.08* 
 
Relationship between NDVI and climatic variables 
Spring NDVI was mainly positively associated with winter temperature, and, to a lesser extent, 
negatively associated with previous summer and autumn temperatures, but was unrelated to 
rainfall (Table 3.2). Summer NDVI was negatively affected by average summer temperature 
and positively by summer rainfall, as well as by precipitation of previous spring and autumn, all 
these variables having similar effect size, and thus similar explanatory power (Table 3.2). The 
main climatic effect detected on autumn NDVI was a positive relationship with previous winter 
precipitation, with smaller positive effects of autumn precipitation and previous spring 
precipitation, previous summer temperature, and a negative effect of autumn temperature 
(Table 3.2). Finally, winter NDVI was related only to previous spring temperature and autumn 
precipitation (Table 3.2).  
Overall, summer NDVI, the main seasonal NDVI component affecting probability of 
common vole outbreak occurrence, thus appeared link with several climatic variables during 





Figure 3.5. Yearly variation in mean (red point in each box) and median (black line in each 
box)precipitation during spring (last 10 days of april to first 10 days of june; period corresponding to 
spring NDVI -PC 3 in Table 1), ), whiskers indicate lowest datum still within 1.5 IQR of the lowest and 
highest quartile. Average data are from 22 meteorological stations spread across the whole study area. 
Years with vole outbreaks are highlighted in blue (box color), 2011 presented high vole populations in 
several provinces, but cannot be considered an outbreak using the same criteria as previous years.  
 
Model selection for predicting vole outbreak years 
Predictive models based only on climatic variables (temperature and precipitation) had 
substantially good success at predicting vole outbreak years, and the best models performed 
notably better than null models. The simplest (best single-factor) model included the variable 
Spring precipitation (slope= 0.046±0.0130; Z score= 3.48, P= 0.0005). The sign of the parameter 
estimate implies that a year with greater than average Spring rainfall had a higher probability 
of having a vole outbreak (all vole outbreak years had particularly rainy springs, following 1-2 
relatively dry years; Fig. 3.5). This model was the best among all single-factor candidate models 
(BIC= 183.12, Loglikelihood= -83.32, wi =0.99) and produced AUC values near the maximum 
and clearly above the cut-off value of 0.7 (AUC= 0.87, range= 0.83-0.92), indicating a good 
predictive ability.  
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The best model with two predictors included Spring precipitations and mean previous 
winter temperature (BIC= 168.29, Loglikelihood= -73.16, wi =0.94), both variables entering the 
model with a positive sign (higher mean temperature during winter followed by a rainy spring 
increased the likelihood of vole outbreak). This model also showed a good predictive ability, 
slightly higher than the best single-factor model (Cross-validation: AUC value = 0.91, range= 
0.87-0.95). 
The best model with three predictors included the same two variables than in the 
single and double-factor models plus summer temperature, which entered the model with 
negative sign (lower summer temperature increased the probability of outbreaks). This model 
was also the best among all candidate models with three predictors (BIC= 156.48, 
Loglikelihood= -64.5, wi =0.99) and had again good predictive success (Cross-validation: AUC 
value = 0.92, range= 0.88-0.95). 
Among all the models constructed with all potential weather predictors (ranked 
according to AIC), three regression models showed relatively similar support, as all of them had 
similar BIC values (ΔBIC< 3). Additionally, our cross-validation of the predictive performance 
indicated that these three models had similar predictive success (cross-validation: 0.92  ≤ AUC 
≥ 0.93). In spite of Akaike weights were overall low, the highest wi was obtained by the model 
with five predictors (spring rainfall, spring temperature, summer temperature, autumn 
temperature and winter temperature; wi=0.42), followed by the model with four variables 
(spring rainfall, spring temperature, summer temperature, and winter temperature; wi=0.243) 
and by the model with six predictors (spring and autumn rainfall, spring temperature, summer 
temperature, autumn temperature and winter temperature; wi=0.15).  
Inclusion of NDVI principal components in the models did not improve performance or 
predictive ability for the range of years for which we had NDVI, and the best single factor 
model was still the one including spring rainfall. 
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Discussion & Conclusions 
When applying a principal component analysis on raw data, NDVI information turned to be 
well organized into seasonal principal components (seasonal PCs, see Table 3.1), which must 
reflect the high seasonality of vegetation growth in this semi-arid study area under 
Mediterranean climate with continental influence. In these environments with marked 
summer droughts but also cold winters, vegetation growth is mainly concentrated in spring 
and autumn, both seasons providing the best temperature and humidity conditions for this 
ecological process (Blondel and Aronson, 1999). Seasonal NDVI PCs values showed similar year 
to year variation in the three land uses considered (pasturelands, dry crops and irrigated crops; 
Fig. 3.3), even although irrigation should compensate for any water shortage experienced by 
crops during summer. Overall, pasturelands showed the highest NDVI values. This is probably 
due, in first instance, to their geographical distribution, since most of the area covered by this 
land use is concentrated in the peripheral mountains that were the original distribution area of 
common voles (Fig. 3.2), where climate is more favorable for vegetation growth (higher 
humidity, see Fig. 3.1). Second, vegetation in pasturelands also has higher long-term stability 
as compared with crops regularly suffering perturbations affecting vegetation (e.g. harvesting, 
ploughing or herbicide treatments), that move from high to low NDVI yearly, thus NDVI would 
be reflecting the effect of agrarian management (Andreo et al., 2009; Durante et al., 2009). 
During summer, irrigated crops had similar or higher NDVI values than pasturelands, much 
higher than those of dry crops, as expected given their maturity stage with low greenness (Fig. 
3.2). This result, along with the role of NDVI predicting the probability of occurrence of a vole 
outbreak (see below), supports the important role that the ongoing increase in the area 
covered by irrigated lands must have played in the recent expansion of common voles to 
agrarian areas (Jareño et al., submitted), and probably in the occurrence of outbreaks in 
agrarian environments, unknown in the original distribution area, at least with the high 
densities detected in alfalfas of the newly colonized agrarian area (more than 1000 voles/ha in 
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alfalfa; (Vidal et al., 2009). Irrigated crops provide habitats with high vegetation productivity in 
full summer drought, and in the case of alfalfa, long-term stability for burrows, since this is a 
permanent crop that is not tilled during 5-9 years. In autumn, all crops had NDVI values 
markedly lower than pasturelands, also reflecting the influence of agrarian management (e.g. 
harvesting of summer crops, ploughing for winter sowing and no irrigation). NDVI spring values 
were very similar for all land uses, probably reflecting the generalized vegetation growth 
during this season in all habitats, including crops, most of them in full vegetative growing 
season. Finally, irrigated crops tended to have relatively small winter NDVI values as compared 
with pasturelands and dry crops, reflecting that irrigated crops in this area are basically 
summer crops, while most of the cereal sown is winter cereal (starting to grow in full winter). 
The probability of occurrence of an outbreak year was associated to high NDVI values 
during that summer:  years with high summer NVDI are good for voles due to well developed 
vegetation both in crops and in natural vegetation patches (Tkadlec et al., 2006). However, 
several years of high cereal yield occurred in the period 1997-2007 (Supplementary materials 
Figure S3.1), when no vole outbreak was recorded, which indicates that other factors different 
to those associated with high crop production may favor vole outbreaks. In the case of 
Mediterranean climate of NW Spain, an important positive effect of summer vegetation on 
vole abundance should be expected, since dry summers are probably the main limiting factor 
for this herbivorous rodent typical of evergreen habitats in more northern latitudes (Amori et 
al., 2008; Jacob et al., 2013), or in the case of original distribution area in Spain, of mountains 
with more humid weather. In fact, summer NDVI was explained not only by summer 
temperature and precipitation, but also by precipitation during previous months (Table 3.2), 
and this was apparently the NDVI seasonal PC more dependent on weather of previous 
seasons, along with autumn (both almost 1-year lagged), as reported from other semi-arid 
ecosystems (Durante et al., 2009; Fabricante et al., 2009), what enhances the convenience of a 
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searching of climatic factors potentially affecting the probability of occurrence of vole 
outbreaks that could act as a forecasting tool. 
The probability of occurrence of a year with vole outbreak was also higher when NDVI 
of the previous autumn was relatively low, explaining a percentage of deviance similar to 
summer NDVI, and thus with equivalent importance from a statistical perspective. Low autumn 
NDVI is apparently promoted by high temperatures and scarce precipitation during that 
season, by low temperatures in the previous summer and by low precipitation in previous 
seasons, particularly winter (Table 3.2). It is somehow counter-intuitive that low autumn NDVI 
predicts of a vole outbreak on the following year, and this result is completely opposed to the 
positive effect of summer NDVI. Autumn NDVI was particularly low in crops (Fig. 3.2), most of 
them becoming a hostile habitat for voles in this season, particularly the dominant element in 
these landscapes, cereal plots (ploughing and sparse and low vegetation growing late in the 
season), but not in permanent or late-harvesting crops (e.g. maize or alfalfa). Thus, most 
autumn NDVI in agrarian areas should reflect the condition of vegetation in natural vegetation 
patches and alfalfas, particularly in dry years. Highest autumn densities of common voles in the 
study area are found in alfalfas, natural vegetation patches (pasturelands and fallows), field 
edges and road/track ditches (Jareño et al., 2014). All these habitats occupy a relatively limited 
surface in current agrarian landscape of the study area, as compared to cereal, and it is 
expected that vole density should be high or increasing in the autumn previous to an outbreak 
year (Arenaz, 2006). Thus, it is possible that low autumn NDVI in the year before an outbreak 
reflect a top-down effect of herbivory by a dense rodent population concentrated in small 
areas contributing the most to observed NDVI in this season, as recently reported for 
lemmings in arctic ecosystems (Olofsson et al., 2012). Alternatively, in years with low autumn 
NDVI, voles would not invade potentially good ephemeral agrarian habitats occupying wide 
areas in this season, such as stubbles, short-term fallows or cropland tilled in late 
summer/early autumn, due to low vegetation development, but would keep more 
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concentrated in alfalfas and natural vegetation patches. Thus, in the autumns with low NDVI, 
vole populations would circumvent the well known role that tilling may play controlling vole 
numbers (Jacob, 2003b; Bonnet et al., 2013). In fact, common voles clearly react to sudden 
habitat changes induced by agricultural management, reducing home range and avoiding 
patches with low vegetation (Jacob and Hempel, 2003), and individuals caught in well 
vegetated linear habitats showed lower stress levels than those caught in agricultural parcels 
with low vegetation (Navarro-Castilla et al., 2013). Finally, autumn rainfall in Mediterranean 
climates use to have a pouring character (strong precipitation in short time periods;(Aupí, 
2005). Therefore, high autumn NDVI could be associated to rainfall causing burrow flooding, 
known to increase mortality and reduce productivity of rodents (Brown and Ernest, 2002). 
Common voles are particularly vulnerable to flooding (Jacob, 2003a), being a recommended 
control tool in irrigated lands (Haim et al., 2007), and technical works in Spain have shown that 
rainy autumns may reduce vole populations (Arenaz, 2001). Thus, years with low autumn NDVI 
would favor high vole densities because a reduced effect of burrow flooding. More research 
about vole population dynamics and dispersal in autumn in different agrarian habitats 
depending on the weather is necessary to evaluate the relative importance of these 
hypotheses. 
Among all weather variables examined as possible predictors of the occurrence of vole 
outbreaks (seasonal weather data pooling resembling the seasonal NDVI PCs), spring rainfall 
appeared as an important predictor of vole outbreak occurrence (Fig. 3.5). Model with this 
single variable had a predictive ability almost as good as any other multivariate models, even 
when entering NDVI values into them. In fact, the apparent irregularities found in the series of 
vole outbreaks, otherwise fitting well a 5-year cyclical pattern (Luque-Larena et al., 2013), can 
be explained by this weather factor alone. The long gap without outbreaks between 1997 and 
2007 matches a long period with declining spring rainfall, and the humid spring of 2007 after 
this long period with dry springs was associated with one of the most important vole outbreaks 
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in Spain (in terms of crop damages, size of area affected or population density in alfalfas; see 
(Vidal et al., 2009; Jacob and Tkadlec, 2010). The vole outbreaks occurring in the fourth year 
after previous outbreak instead of the fifth (1997 and 2011) also fit well spring rainfall 
patterns. This result is in agreement with the well known crucial role of rainfall on rodent 
population dynamics in semi-arid ecosystems all around the globe (Brown and Singleton, 1999; 
Lima et al., 1999a; Lima et al., 1999b; Pech et al., 1999; Jiang et al., 2011) and with previous 
work in the original mountainous distribution area of common voles in Spain showing that 
rainfall is a major determinant of vole abundance (Veiga, 1986; Fargallo et al., 2009).  
Summer NDVI and spring rainfall may promote high common vole abundance at least 
trough two non-exclusive complementary ecological mechanisms: providing abundant food 
and safe refuge above ground during the peak breeding season, as dense vegetation may be 
crucial not only as food, but also as anti-predatory defense for this species living on burrows 
but feeding on green plants in surface (Amori et al., 2008; Jacob et al., 2013). Both 
mechanisms would favor fast population growth at the critical breeding time of year 
promoting high population densities potentially causing crop damages. More research is 
needed to disentangle the relative importance of increased vegetation cover as food or as 
antipredatory refuge for voles, what may be crucial for the design of effective control 
campaigns. For example if the role of vegetation as anti-predatory cover would be more 
important than the trophic effect promoting high vole abundance, the potential usefulness of 
biological control based on increasing density of aerial predators by providing nesting-sites in 
deforested agrarian areas (Paz et al., 2013) would probably require additional actions to 
reduce vegetation cover in linear habitats or patches of natural vegetation (Haim et al., 2007). 
Other weather variables also could contribute to increase the probability of occurrence 
of a vole outbreak year: relatively high temperatures on the previous winter and relatively low 
summer temperature in the outbreak year. High winter temperatures may prolong the 
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growing season of vegetation, delaying and reducing the typical winter dormancy period 
without vegetative growth (Kacperska, 1999) or advancing spring growing season (Chmielewski 
and Rötzer, 2001), and thus may be associated to increased winter breeding (relatively 
common in these southern populations; (Gonzalez-Esteban and Villate, 2002) or higher survival 
of voles, allowing higher abundances when peak breeding season starts, a crucial element in 
rodent demography (Singleton et al., 2005a). In fact, winter temperature has been shown to 
be a critical extrinsic factor affecting rodent population dynamics in northern environments 
(Lindström and Hörnfeldt, 1994; Aars and Ims, 2002; Korslund and Steen, 2006), including 
common voles in German agrarian habitats (Imholt et al., 2011), but also in a mountainous 
population of the original distribution area in Spain where winters are colder (Fargallo et al., 
2009). Thus, winter temperature seems to be a crucial extrinsic factor working at a wide range 
of latitudes, altitudes and ecosystems in Europe. Low summer temperature is associated to 
high summer NDVI (Table 3.2), as abundant spring rainfall, and as opposed to winter, low 
temperatures in summer may reduce the summer dormancy period of vegetation typical of 
semi-arid climates with hot summers (Blondel and Aronson, 1999), also promoting increased 
vole breeding and survival. 
Overall, apparently cyclic vole outbreaks in NW Spain seem to be related to favorable 
weather conditions. Weather could act increasing population densities in the peak year of a 
cyclic vole population or modulating the year on which the peak of the cycle appears (fourth or 
fifth year since the previous peak) within a system where intrinsic and extrinsic factors interact 
to determine population dynamics (e.g. Leirs et al., 1997; Lima et al., 1999a; Aars and Ims, 
2002; Zhang et al., 2003; Yan et al., 2012). This extrinsic factor with large-scale influence would 
temporally synchronize the outbreak across a large area (Moran, 1953; Bjørnstad et al., 1999; 
Kausrud et al., 2007). This could be the case for our study area too, as there is evidence 
suggesting that the 1997-2007 gap without vole outbreaks was not completely so, but that 
there was a population peak with relatively small vole density around 2004 at least in certain 
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locations (Fargallo et al., 2009; Luque-Larena et al., 2013). Alternatively, weather would be the 
main direct cause of population outbreaks (Singleton et al., 2005a) and we may have found a 
pseudo-cyclic pattern just by chance affecting the distribution of rainy years in a short time-
series of outbreaks. However, in the last years increased evidence has accumulated showing 
that pseudo-cyclic ENSO affects weather patterns and ecological phenomena in Iberia 
(Balbontín et al., 2009; Marce et al., 2010; Rozas and García-González, 2012), particularly 
spring rainfall in some regions (Kiladis and Diaz, 1989; Rodó et al., 1997), although to our 
knowledge, no effect of ENSO on climate of this Spanish region has been demonstrated up to 
now. In fact, it has been proposed that rodent population cycles in Europe could match the 
pseudo-cyclical weather patterns potentially induced by ENSO (Zhang, 2001). However, there 
may be complex interactions between ENSO effects and other climatic regional oscillators such 
as NAO (North Atlantic Oscillation) affecting ecological traits of a given species (Almaraz and 
Amat, 2004). Given that agrarian production at regional level (Real and Carlos Baez, 2013) or 
the development of a widespread forestry plague in Iberia (Hódar et al., 2012) may be 
associated to ENSO or NAO, more research is strongly needed in this respect for the case of 
voles and climate in this area of Spain.  
Our results can be considered a first step in the searching of forecasting tools for the 
occurrence of a vole outbreak in NW Spain in a situation where no detailed long-term 
demographic data are available. The usefulness of our results may be however still relatively 
limited, since the main predicting factor we have found is spring rainfall. Delaying control 
campaigns up to such dates in an outbreak year may not be adequate, because heavy crop 
damage may have already occurred, and preventive vole control in autumn or winter previous 
to the outbreak year is considered a crucial element by agrarian managers (Arenaz, 2006). 
However, it remains to be tested what the best approach would be, as control campaigns in 
spring in increasing years have proved to be efficient in France.  Autumn NDVI or winter 
temperature could also be used as potential secondary indicators of the appearance 
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probability of a vole outbreak in the next year, within the already known apparent 4-5 years 
cycle period. Given that weather may also be a useful tool for spatial forecasting of vole 
outbreaks in Germany (Imholt et al., 2011) and that we have found a significant spatial 
variation in NDVI at the level of province, we recommend setting of large-scale monitoring 
programs checking the usefulness of our findings for that purpose.  
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Supplementary figure S3.1. Yearly variation in mean agrarian yield for cereals in the study area (Fig. 1) 
during the study period. The dashed line indicates irrigated cereal yield, the continuous line indicates 
non irrigated cereal yield; grey columns indicate common vole outbreak years (Luque-Larena et al., 
2013; Chapter 1),  the single dark grey colummns indicates an increase in vole populations, but cannot 






















































































A comparison of methods for estimating common vole 
(Microtus arvalis) abundance in agricultural habitats 
This chaper has been published as: Jareño, D. 1, Viñuela, J. 1, Luque-Larena, J.J. 2,3, Arroyo, L. 1,2, 
Arroyo, B. 1, Mougeot, F. 1,4, 2014. A comparison of methods for estimating common vole 
(Microtus arvalis) abundance in agricultural habitats. Ecological Indicators 36, 111-119. 
 
1. Instituto de Investigación en Recursos Cinegéticos, IREC (CSIC-UCLM-JCCM), Ronda de 
Toledo s/n, 13005 Ciudad Real, Spain. 
2. Depto. Ciencias Agroforestales, Escuela Técnica Superior de Ingenierías Agrarias, 
Universidad de Valladolid, Avda. de Madrid 44, 34004 Palencia, Spain.  
 
3. Instituto Universitario de Investigación en Gestión Forestal Sostenible 
(www.research4forestry.org), Spain. 
4. Estación Experimental de Zonas Áridas (EEZA-CSIC), Cañada de Sacramento s/n, La 
Cañada de San Urbano, 04120 Almería, Spain. 
 
Abstract 
Rodent outbreaks cause significant crop damages in agricultural areas worldwide, but routinely 
monitoring large areas at low cost remains a challenge. The common vole Microtus arvalis has 
recently colonized the agricultural plains of the northern Iberian Plateau, an area where it has 
started to produce population outbreaks with important impacts in agriculture, the 
environment and human health. Vole monitoring has become of prime importance to 
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implement preventive management measures to control populations. In order to find a simple 
and reliable vole monitoring method to be applied in large areas, we compared abundance 
estimates derived from three methods: capture–mark–recapture (CMR), single capture events 
(SCE) and presence/absence of vole activity signs (VAS) during three seasons and on the main 
agricultural habitats in the study area. We show that an activity index based on the presence 
of fresh droppings and/or clippings had a similar performance to SCE in a large sample of plots 
(n = 222) across habitats and seasons. Data obtained with both methods (SCE, VAS) were also 
well correlated with those obtained with CMR, despite a limited sample size (n = 23 CMR 
plots). We suggest that the VAS method, which is a cheaper and easier alternative to trapping 
methods, provides a promising tool for scientists and managers to implement large scale 
monitoring of common vole in agricultural areas. 
Keywords: Indirect abundance index; Trapping; Spain; Alfalfa; Clipping; Dropping 
1. Introduction 
Estimating population size or abundance accurately is crucial for population ecology, 
conservation and management (Krebs, 1999; Engeman, 2005; Witmer, 2005). It enables the 
study of factors that explain temporal or between-population variation in abundance, and is a 
basic tool for adequate population management, either of endangered species that need to be 
protected or of pest species that must be controlled (Tellería, 2004; Witmer, 2005). Obtaining 
reliable measures of abundance is often a methodological challenge, and there is a constant 
need for developing or validating better, simpler or cheaper methods for ecological and 
management studies (Krebs, 1999; Tellería, 2004; Witmer, 2005). 
Multiannual population cycles (great and regular population size fluctuation) have 
been observed and extensively studied in common voles, particularly at northern or central 
latitudes (Delattre et al., 1999; Lambin et al., 2006; de Redon et al., 2010; Imholt et al., 2011). 
Vole cycles seem to have dampened or even disappeared in some northern European regions 
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(Cornulier et al., 2013). In contrast, common vole Microtus arvalis (Pallas 1778) outbreaks have 
recently appeared in southern Europe (Viñuela et al., 2010). In the Iberian Peninsula, the 
distribution of the common vole was originally restricted to mountain ranges in the periphery 
of the northern Plateau. In the last 30 years, common voles have colonized the agricultural 
landscapes of the Duero basin, where recurrent population outbreaks appeared since the early 
1980s (Luque-Larena et al., 2013). During outbreaks common voles are considered a pest 
species in these agricultural areas, causing significant and costly crop damages (Jacob and 
Tkadlec, 2010), as well as tularemia outbreaks (Vidal et al., 2009). This prompted the use of 
extensive chemical control campaigns that impacted negatively on other species (Olea et al., 
2009; Sánchez-Barbudo et al., 2012). Consequently, their economic, environmental and human 
health importance has increased exponentially. Monitoring common vole abundance over 
time in large-scale areas appears crucial for adequate management and outbreak forecasting. 
Trapping methods are considered the “golden rule” for estimating small rodent 
abundance, as they provide estimates of population density (mark–recapture methods) or 
abundance (single capture methods), as well as detailed information about the captured 
individuals (sex, reproductive status, condition). These methods are reliable, but require a lot 
of resources, both material and human, and are time consuming, especially mark–recapture 
methods based on several days of continuous trapping (Tellería, 2004; Witmer, 2005). This 
makes them less suitable for continuous monitoring of large areas. Indirect methods are 
usually faster and easier to use, but may be subject to some bias (Tellería, 2004; Witmer, 
2005). An alternative to vole trapping is the use of indirect methods based on the presence of 
vole activity signs (e.g., droppings and latrines, burrows, footprints or vegetation clippings). In 
central Europe, indirect methods based on re-opened burrow entrances have been used to 
reliably monitor common vole populations (Lisicka et al., 2007; Tkadlec et al., 2011). 
Alternative methods based on the presence/absence of vegetation clippings and/or droppings 
have also been succesfully used for estimating the abundance of several vole species, including 
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the common vole (Delattre et al., 1999; Lambin et al., 2000; Madders, 2003; Wheeler, 2008; 
Terraube et al., 2011), although in some species such indirect methods had been proved 
inappropiate (Gervais, 2010). 
The aim of this study was to compare three alternative methods for estimating 
common vole abundance in agricultural areas of Castilla-y-Leon, NW Spain, where M. arvalis 
outbreaks spread over an area of 5 × 105 ha (Viñuela et al., 2010; Luque-Larena et al., 2013). 
Two methods were based on vole captures: capture–mark–recapture (CMR), and single 
capture events (SCE). The third method was based on the presence/absence of vole activity 
signs (VAS), such as fresh droppings and clippings as signs of feeding activity. We first tested 
how the latter two simpler methods performed as compared with the most accurate but time 
consuming method (CMR). Secondly, we evaluated how the simpler two methods (SCE and 
VAS) performed in terms of describing differences in vole abundance between seasons (spring, 
fall or winter), main vole habitats (alfalfa, cereal or fallow), and location within the sampled 
field (edge vs. interior). We discuss the relative values and limitations of these methods for 
large scale population monitoring. 
2. Methods 
2.1. Study area 
We conducted the study in Castilla y León, NW Spain, an autonomous region located in the 
northern plateau of the Iberian Peninsula and divided into 9 provinces (Fig. 4a.1). It holds 
almost the entire catchment of the Duero River and includes a central agricultural plain 
surrounded by mountain ranges dominated by woodlands and pasturelands. The central plains 
are dedicated to agriculture (ca. 3.7 million ha), mostly winter cereals (mainly barley and 
wheat), alfalfa, sunflower, sugar beet, peas and maize. The study area was located in “Tierra 
de Campos”, between the provinces of Palencia, Valladolid and Zamora (Fig. 4a.1), an area 
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heavily affected by common vole outbreaks over the last two decades (Luque-Larena et al., 
2013). 
 
Figure 4a.1. Location of the study area in Castilla y León, NW Spain. Black lines = provincial boundaries. 
Black areas = study areas; Grey areas = areas heavily affected by the last common vole outbreak of 2007 
(distribution data for summer 2007 is based in data from the Instituto Tecnológico Agrario de la Junta de 
Castilla y León, JCCM, Spain http://es.wikipedia.org/wiki/Plaga_de_topillos_en_Castilla_y_Leon_ 
de_2007). Upper righter corner map: location of Castilla y León in Spain. 
 
2.2. Density estimates from trapping and capture–recapture of marked individuals (CMR) 
We used Sherman LFTA traps (8 cm × 9 cm × 23 cm; Sherman©) and a “grid” trapping design 
(square grid of 5 × 5 traps, each separated by 15 m). One side of the grid corresponded to the 
field edge, with the rest of traps inside the field (Fig. 4a.2a). Each trap was baited with apple 
and a mixture of canned tuna and flour, also hydrophobic cotton was provided when the 
temperatures were low. The traps were left open for four days, and were checked twice a day, 
before sunset and after sunrise (with a total of six checks during the 4-days trapping session). 
This design and methods are comparable to the only long-term vole monitoring project in 




Figure 4a.2. Sampling designs used for each method. (a) “Grid” design for CMR trappings (25 traps each 
15 m from the nearest one). The black line represents the edge of the plot. (b) “T” design for SCE vole 
trappings (traps every 2 m; 10 traps are in the edge and 25 are inside the plot); (c) “T” design for the VAS 
method. Vole signs are searched for in 30 cm × 30 cm squares distributed on the edge of the plot (3 
squares) and inside the plot (7 squares) along a line of 50 m. 
 
During the trapping sessions, species other than common vole were caught, the 
commonest being wood mouse Apodemus sylvaticus (Linnaeus, 1758), algerian mouse Mus 
spretus (Lataste, 1883) and greater white-toothed shrew Crocidura russula (Hermann, 1780). 
To mark the captured voles we used a fur-clipping code (Gumell and Flowerdew, 1982). 
Immediately after marking and recording basic data such as weight and sex, voles were 
released at the capture site (Fargallo et al., 2009). 
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To calculate the population size we used the Schnabel Method and formula (1) 
equation (1) 
 
where Ct is the total number of individuals caught in the sample t, Rt is the number of 
individuals already marked when caught in sample t, Mt is the number of marked individuals in 
the population just before sample t is taken and is the estimated population size. When 
were less than 0.1, we used another formula (formula 2) which provides 
better density estimates than formula (1) under these circumstances (Krebs, 1999). 
equation (2) 
 
Since we estimated the vole population in 0.5625 ha, we multiplied by 1.78 to obtain 
population densities in voles per ha. Some voles died during CMR trappings (8.7% of all 
captured voles died; mean 15.25% of all captured voles per trapping; σ = 16.75%), so in order 
to take this into account when comparing with density estimates obtained for other methods 
used after the CMR, we corrected the density estimate by subtracting the number of voles that 
died. From the CMR trapping method, we thus obtained the following density estimates: 
(1) Number of M. arvalis per hectare, hereafter MApH (see Table 4a.1). 
(2) Corrected number of M. arvalis per hectare, hereafter cMApH (MApH minus the 




Table 4a.1. Definitions, acronyms, sample size (N) and summary results of the methods used to estimate 
M. arvalis abundance. 




M. arvalis per ha, captured, calculated 





SCE (single capture 
event) 





Small mammals other than M. arvalis 





VAS (vole activity 
signs) 
PSpS* 
Proportion of squares with either fresh M. 






Proportion of squares with fresh droppings 









*Acronym without suffix: overall index (for both edge and field). 
*Acronym with “Edge” suffix: refers to estimate using only traps (SCE) or squares (signs 
presence/absence) located on the edge (field margin; see Fig. 4a.2). 
*Acronym with “Field” suffix: refers to estimate using only traps (SCE) or squares (signs 
presence/absence) located inside the field (see Fig. 4a.2). 
*Acronym with “c” prefix: refers to a correction to the density obtained substracting dead voles 
during CMR trapping. 
 
2.3. Abundance estimates obtained from single capture trapping events (SCE) 
We used the same type of traps for SCE, but in this case they were checked and removed ca. 
24 h after setup. The trapping design consisted of two lines of traps forming a “T”, with a total 
of 35 traps spaced 2 m between each other, with the shorter line (10 traps) being on the edge 
of a field (field margins/road or track ditches) and the longest line (25 traps), perpendicular to 
the former, inside the field (Fig. 4a.2b). We collected data separately for edges and fields since 
edges are considered a favourable habitat for small mammals in agricultural landscapes (Butet 
et al., 2006; de Redon et al., 2010). Each trap was baited with apple or carrot. When the 
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temperatures were low, hydrophobic cotton was provided inside traps to increase vole 
survival. 
From SCE trappings, we obtained the following abundance estimates (Table 4a.1): 
(3) Number of M. arvalis captured per trap, hereafter MApT (calculated excluding traps 
that captured species other than M. arvalis). 
(4) Number of small mammals other than common voles captured per trap, hereafter 
OMpT (also calculated using only the traps available for capturing). 
For each trapping event, we calculated an overall estimate per plot (for all 35 traps; MApT 
and OMpT) as well as one for the edge (MApTedge; OMpTedge) and for inside the field (MApTfield; 
OMpTfield) separately. 
2.4. Abundance estimates derived from vole activity signs (VAS) 
We inspected 10–15 squares of 30 cm × 30 cm in each plot and carefully looked for signs of 
activity of M. arvalis in them. Each square was placed every 5–7 m along a transect (Fig. 4a.2c). 
The same observer (DJ) looked for signs of activity during the study. As signs, we recorded for 
each square the presence/absence of fresh droppings and fresh clippings (Madders, 2003; 
Terraube et al., 2011). Fresh droppings from M. arvalis were distinguished from older ones by 
their colour (greenish instead of light brown–grey) and softer texture when opened with a nail. 
Common vole droppings are 3–5 mm long with rounded tips on both ends and differ from 
those of mice (whose droppings have pointy tips) or shrews (long, black droppings, slightly like 
crude oil). Fresh clippings consisted of cuts and little mounts of green vegetation, a common 
sign of vole foraging (Wheeler, 2008). 
We also used a “T” sampling design to search for signs of presence, with a shorter 
transect on the field edge (20 m long) and a longer one perpendicular to the former inside the 
field (50 m long; see Fig. 4a.2c). Initially we used a total of 10 squares (2 on the field edge and 
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8 inside the field). We subsequently modified the design using 3 squares on the field edge and 
7 inside, to finally increase the total number of squares from 10 to 15, with 5 squares on the 
field edge and 10 inside the field. These modifications in the number of squares used were 
aimed at improving the reliability of our method particularly in the edges. 
In order to obtain abundance estimates for each plot, we summed the presence (=1)/absence 
(=0) scores of specific signs or combinations of signs in each square and divided it by the 
number of sampled squares. From this method, we obtained the following estimates (Table 
4a.1): 
(5) Frequency of squares with M. arvalis signs (fresh droppings and/or fresh clippings), 
hereafter positive presence per square index or PSpS. 
(6) Frequency of squares with fresh M. arvalis droppings, hereafter dropping presence per 
square index or DpS. 
(7) Frequency of squares with presence of fresh clippings, hereafter clipping presence per 
square index or CpS. 
We calculated an estimate for each sampling plot (using all squares; DpS, CpS, PSpS), as 
well as one separately for the squares located in the edge (DpSedge; CpSedge; PSpSedge) or inside 
the field (DpSfield; CpSfield; PSpSfield). 
2.5. Sampling procedure and sample sizes 
Vole abundance estimates were obtained from plots in fields of alfalfa, winter cereal and 
fallows (uncultivated lands with natural herbaceous vegetation or pastures), the three 
commonest habitats in the study area, as well as in vineyards (another crop with high 
economic value), at three different periods (spring, summer and fall) between the Fall of 2009 
and the Fall of 2011. Each plot was sampled only once (i.e., in one particular period, but using 
two or three of the different trapping methods in the course of a few days, see below). The 
only exception was 8 plots used for CMR in two or three periods. Also, each plot was placed in 
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a different field (except in the case of 3 alfalfa plots). Sample sizes per crop type and season 
are summarized in Table 4a.2. Trapping was not performed on cereal plots to avoid damaging 
crops. No trapping was performed in the coldest winter months, when vole population density 
is at a seasonal low, in order to avoid vole mortality in traps (mortality rates during trapping 
increase at low temperatures, and a high mortality rate would make CMR data less reliable). 
Table 4a.2. Summary of the number of different plots (sample size) used for the vole sampling method 
(“T” trapping designs for both SCE and vole presence signs methods; “Grid” sampling for the CMR 
method), according to season and habitat (crop type). Numbers in brackets refer to the number of plots 






Season: habitat: Spring Summer Fall Spring Summer Fall 
Alfalfa 26 26 (2) 37 (3) 3 2 (2) 3 (3) 
Cereal 25 24 15 0 0 0 
Fallow 27 30 17 (3) 5 5 3 (3) 
Vineyard 1 0 2 0 0 2 
Total 230 (8) 23 (8) 
    
 
CMR and SCE trappings were conducted sequentially at the same place during the 
same week, with a 1-day interval without trapping between each method. The CMR method 
was performed first. VAS indices were also obtained at the same place, during the first day of 
trapping. When comparing the estimates from CMR and SCE, we used the cMApH index 
(corrected for the voles that died during CMR trappings), because SCE were conducted after 
the CMR trapping. When comparing the estimates from CMR and VAS, we used the 
(uncorrected) MApH index, since the VAS was done in the first day of CMR trapping. 
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2.6. Statistical analysis 
We used R version 2.14.0 (R Development Core Team, 2008) and SAS version 9.2 (SAS, 2008). 
We used Pearson correlations to compare abundance estimates obtained from different 
methods, using the rcorr function; Hmisc package (Harrell and users., 2012 ). We used the 
sciplot package for Fig. 4a.4 (Morales et al., 2011). 
SCE trapping data were analyzed using generalized lineal models with a binomial 
distribution. We used a two-vector response variable with the number of traps that captured 
M. arvalis out of the number of traps that were available for capturing (i.e. number of set traps 
minus the number of traps with captures of other species). When we detected over-
dispersion, we used a quasi-binomial distribution. 
CMR trapping data were analyzed using general linear mixed models (LMMs), with the 
response variable being log-transformed (log-transform MApH for VAS and log-transform 
cMApH for SCE). We included Plot identity as a random factor in order to take into account 
that some plots were sampled more than once in different seasons (see Table 4a.2). 
VAS data (DpS, CpS, PSpS) were analyzed using generalized lineal models with a 
binomial error distribution, also using a two-vector response variable with the number of 
squares with presence out of the number of squares sampled. When testing for a possible 
influence of the number of squares sampled in the edge (which ranged from 2 to 5), we 
performed separate analyses for samples with 2, 3 or 5 squares. 
We used LMMs and piecewise regression (NLIN procedure) in SAS to model the 
relationship between CMR, SCE and VAS. Piecewise regression allowed us to determine 
potential changes in linear trends before and after possible cut-off points (e.g. above or below 
a threshold vole density), by estimating simultaneously four parameters (intercept, point at 
which the relationship changed, slope before that point and slope after that point). 
120 
 
To explore variation in vole abundance according to season, habitat and location in the field, 
we used GLM/ANOVA with PSpS and MApT as response variables, and Habitat (crop type), 
Season (spring, fall or winter), Location in the field (edge or interior) and two-way interactions 
(season × habitat; location × habitat; season × location) as explanatory variables. We restricted 
these analyses to these two methods as we had enough sample size for them (N = 233), but a 
more limited sample size for the Capture–Mark–Recapture (CMR) method (N = 23 from 15 
different plots). As we had few plots from vineyard (Table 4a.2), these data were not used in 
this analysis. Additionally, since the number of traps or squares sampled in edge and field 
varied, we included the number of traps or squares sampled (log transformed) as a weight in 
these analyses. 
All tests are two-tailed and all data are expressed as means ± SEM. 
3. Results 
3.1. Comparisons between abundance estimates from different methods 
Associations between the vole abundance estimates (at plot level, i.e. including both edge and 
field) obtained from different methods are summarized in Table 4a.3. The MApT index was 
highly correlated with the cMApH and also correlated with OMpT. Hovewer, OMpT was not 
significantly correlated with cMApH (Table 4a.3). The index PSpS, based on vole presence 
signs, showed the strongest correlation with common vole captures per trap (MApT) and with 
common voles per ha (MApH). It also correlated with an abundance index of small mammals 
other than common voles (OMpT, Table 4a.3). Among the simpler VAS indices, the CpS index 
(Clipping per Square) had the best relationship with MApT and MApH. The other simple index, 
DpS (Droppings per Square), also had a good relationship with MApT and with OMpT but was 




Table 4a.3. Summary of associations (Pearson correlations) between M. arvalis abundance estimates 
obtained from different methods (CMR, SCE, VAS). Values given are: Pearson correlations coefficients, 




Vole presence signs 
 
 
MApH/cMApH MApT OMpT PSpS DpS CpS 
MApH 1 
     
MApT 0.67 (22) 1 





     
OMpT -0.04 (22) 0.56 (230) 1 





    










   


























In summary, the a priori most accurate estimate, based on trapping and CMR, and 
providing a density measure, strongly correlated with common voles per trap obtained from 
SCE, and with estimates derived from the presence/absence of vole activity signs except DpS 
(Table 4a.3). Therefore, both MApT and PSpS can potentially be used as predictors of M. 
arvalis density. 
A linear mixed model testing if vole density (log-MApH) was predictable from vole 




Using piecewise regressions we could identify two linear trends with a cut-off point at 
0.55 (±0.14 PSpS index) and an intercept of 1.12 (±0.51) (NLIN procedure; F3,19 = 9.24, 
p < 0.001). The initial relationship between the index PSpS and the density of M. arvalis had a 
slope of +5.72 (±1.43) for densities up to 70 voles per ha, but after the cut-off point the slope 
decreased to +0.52 (±3.04). This model explained 59.34% of the variance, an improvement 
from the previous model indicating that the relationship between the PSpS index and vole 
density (MApH) was not strictly linear (Fig. 4a.3). The predictive power was reduced for 
densities above 70 voles per ha (saturation at higher population densities and higher standard 
error than at low densities). 
 
Figure 4a.3. Relationship between the vole abundance estimates obtained with the CMR method (M. 
arvalis per ha) and the SCE method (M. arvalis per trap, left) or from the VAS method (M. arvalis 
presence per square, right). 
 
A linear mixed model testing if vole density (log-cMApH) is predicted from the SCE 




When using a piecewise regression, we also identified two linear trends with a cut-off 
point at +0.22 (±0.05 MApT index) and a intercept of +0.49 (±0.49) (NLIN procedure; 
F3,18 = 14.6, p < 0.001). As in the previous case, the initial relationship between MApT and M. 
arvalis per hectare had a steeper slope +16.6 (±4.76) at lower densities (before a cut-off point 
at 62 voles per ha) and a lower slope afterwards (+0.06, ±3.56). This model explained 70.87% 
of the variance. 
3.2. Variation in abundance estimates according to location (edge or field interior) and 
sampling effort 
For two methods (SCE, VAS), we obtained separate vole abundance estimates for the fields 
and their edges (Table 4a.4; Fig. 4a.2). We evaluated how well the abundance estimates 
obtained from single trapping events (MApT) and from the vole sign presence (PSpS) 
correlated with each other using the edge and field data separately. The correlation between 
both abundance estimates was much stronger using data from inside the fields (r = 0.76, 
n = 230, p < 0.001) than from the edges (r = 0.43, n = 230, p < 0.001). These differences were 
influenced by the number of squares sampled in the edge. When sampling only two squares in 
the edges, there was no significant relationship with the captures (r = −0.33, n = 18, p = 0.19); 
when the number of squares sampled in the edge was three, the relationship was significant 
(r = 0.34, n = 187, p < 0.001) and finally the best result (strongest correlation) was obtained 
with five squares in the edge (r = 0.63, n = 25, p < 0.001). Even when weighting in our models 
the sampling effort (number of traps or squares sampled), we found a much better predictive 
power of MApTfield based on PSpSfield (GLM, family = quasibinomial); (F1,228 = 247.18; p < 0.001; 
deviance explained = 57.79) than of MApTedge based on PSpSedge (F1,228 = 69.49; p < 0.001; 




Table 4a.4. Variation in abundance estimates according to season, habitat and location in the field 






Habitat F2,440 = 24.24, p < 0.001 (1.03exp-10) F2,446 = 29.33, p < 0.001 (1.08exp-12) 
Season F2,440 = 25.59, p < 0.001 (3.05exp-11) F2,446 = 35.6, p < 0.001 (4.51exp-15) 
Location F1,440 = 8.176, p < 0.01 (0.0045) F1,446 = 32.7, p < 0.001 (1.97exp-8) 
Season × Habitat F4,440 = 9.13, p < 0.001 (4.31exp-7) F4,446 = 7.01, p < 0.001 1.77exp-5) 
Location × Season F2,440 = 1.91, p > 0.05 (0.15) F2,446 = 6.33, p < 0.01 (0.0019) 
Habitat × Location F2,440 = 2.06, p > 0.05 (0.13) F2,446 = 0.63, p > 0.05 (0.53) 
 
3.3. Variation in abundance estimates according to season, habitat and location in the field 
We explored whether the variation in vole abundance according to season, habitat and 
location in the field was similar when using PSpS and MApT. 
Variation in MApT was significantly explained by Habitat, Season, Location and by the 
interaction Season × Habitat, but not by Location × Season or Habitat × Location (Table 4a.4). 
Overall, estimated common vole abundance was greater in the fall than in spring or summer, 
in alfalfa than cereal or fallow (this difference being particularly high in the fall), and in the 




Figure 4a.4. Mean ± SEM vole abundances estimated with the VAS method (left; PSpS index) and the 
SCE method (right; MApT index) according to habitat and season. Numbers above bars are sample size. 
 
Variation in PSpS was explained by Habitat, Season, Location, and by the interactions 
Season × Habitat, and Location × Season, but not by the interaction Location × Habitat (Table 
4a.4). Relative differences in abundance between Habitats, Season and Locations derived from 
this index were similar to those derived from the single capture event method, but appeared 
greater with the former method (Fig. 4a.4). The greatest difference was the estimated 
abundance of voles in edges in spring and fall (for all habitats), which was much higher with 
PSpS than with MApT (Fig. 4a.4). 
As habitat and season are important factors explaining the abundance of M. arvalis, 
we tested if the relationship between abundance estimates derived from the SCE and activity 
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sign methods changed depending on those factors. We modelled the relationship between 
MApT and PSpS including the habitat and season, as well as their interaction with PSpS as 
explanatory variables. We found that PSpS (F1,213 = 338.19; p < 0.001), Habitat (F2,213 = 6.37; 
p < 0.01) and Season (F2,213 = 5.27, p < 0.01) were significant, but PSpS × Habitat (F2,213 = 0.51; 
p > 0.05), PSpS × Season (F2,213 = 2.12; p > 0.05) and Habitat × Season (F4,213 = 0.11; p > 0.05) 
were not significant. Therefore, the slope of the relationship between MApT and PSpS did not 
differ between Habitats or Seasons, although the intercept varied, reflecting the differences in 
vole abundances between habitats and seasons. 
4. Discussion 
We have shown that abundance estimates based on vole activity signs (VAS) are comparable 
to those obtained from trapping methods at the vole densities found in this study. When 
comparing abundance estimates derived from VAS and the single capture events (SCE) in a 
large sample (223 plots) across habitats and seasons, we found that both these methods had 
similar predictive values, and that the simpler method similarly pick up variations in abundance 
between seasons or habitats. Abundance estimates derived from the SCE and VAS methods 
were also well correlated with abundance estimates derived capture–mark–recapture (CMR) 
data, despite a more limited sample (23 estimates from 15 different plots). CMR density 
estimates are considered the most accurate, but this method is the most expensive (more 
traps are needed) and time consuming (4-days of trapping per plot) to estimate rodent 
density. It may be argued that our sample size is small and that no CMR data were available for 
cereals, but the good correlations and high predictive value (explained variance) found in our 
sample strongly suggest that VAS and SCE are good reliable indicators of abundance, at least 
within the density range and habitats sampled. 
Because the vole presence signs method is cheap, fast (it takes between 15 and 20 min 
per plot) and easy to implement, it offers interesting opportunities when a recurrent large-
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scale monitoring is needed. Although vole activity signs are relatively easy to detect, lack of 
consistency between different observers could be a source of error. In our study, the same 
observer performed all the VAS estimates, in order to ensure consistency. If different 
observers use the VAS method (as would be required for large-scale monitoring scenarios), 
appropriate training is recommended in order to ensure consistency. Different criteria used to 
distinguish between fresh and older droppings or clippings could also be source of error, 
especially since the rate at which those signs dry up most likely depend on variable conditions 
of temperature and humidity. Another possible source of error could be the misidentification 
of species from their droppings, due to the presence of other similar voles. In our study area, 
two other Microtus vole species are present (M. duodecimcostatus and M. lusitanicus) but 
both of them are much more subterranean than M. arvalis. The other species present, Arvicola 
sapidus, lives near water courses; droppings and foraging signs from these species may be 
mistaken with those of M. arvalis, but this error would be negligible, given the scarcity of those 
species and the differences in the habitats that they occupy. 
Similar methods based on vole indices have been successfully used to estimate 
abundance (Morales et al., 2005; Wheeler, 2008; Morales et al., 2011), and have been 
successfully tested for M. arvalis in France (Delattre et al., 1990). In the present study, 
amongst the activity sign indices considered, the PSpS index (presence of fresh clippings 
and/or droppings) appears to be the best. A main limitation of both the PSpS index and the 
MApT indices is that their accuracy seems to be reduced at high vole densities (above 70 voles 
ha for PSpS and 62 voles ha for MApT). A similar problem had been reported for methods 
based on counts of re-opened burrows in central Europe (Lisicka et al., 2007). However, the 
threshold level observed was higher for the VAS than SCE method, suggesting that the former 
could be a better alternative to the CMR method. The maximum vole density estimated in our 
samples was 126 voles/ha, a density similar to that found to reduce 8.7% alfalfa production in 
Poland (Babinska-Werka, 1979). This density is still much lower than what has been observed 
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during vole outbreaks, when vole density may exceed 1000 vole/ha in favourable habitats such 
alfalfa fields (Delibes, 1989; Vidal et al., 2009; Jacob and Tkadlec, 2010). Thus, additional work 
on this index might be necessary to solve this problem of saturation at high vole abundances. 
Increasing the number of sampled squares may increase the accuracy of the index, but this 
remains to be tested. In any case, the index would still be useful for large-scale research and 
monitoring within this range of densities, and to detect population increases before they cause 
crop damages, and therefore a valuable tool for outbreak forecasting and preventive control. 
Technical works in NW Spain consider that vole control campaigns should start whenever 
winter density is greater than 50 voles/ha (Arenaz, 2006). This “threshold density” for 
management decisions is therefore within the range of density for which the indirect 
monitoring method performed well. We did not collect data during winter, when minimum 
year round density is the rule in small rodent populations. However, given that the vole activity 
signs index appeared to be reliable for obtaining vole abundance estimates across the other 
three seasons, and especially since there are no abrupt changes between seasons that could 
affect sign detection (i.e. there is no continuous snow cover during winter), this method should 
be equally useful at this time of year. 
We found some differences in results obtained with the two “simpler” sampling 
methods when comparing differences between seasons, habitats and locations (field vs edge). 
The most noticeable was the higher estimates derived from sign indices (PSpS) in spring and 
fall, especially in the edge (Fig. 4a.4), as compared with those obtained from captures (MApT). 
This difference could be due to a greater food and cover availability for voles in spring and 
autumn (making them leave more presence signs), or be an effect of baiting the traps, which 
may be more attractive in summer when drought and farming practices make food scarcer, or 
when predation risk might be increased making voles seeking refuges such as traps (Jacob and 
Brown, 2000; Garratt et al., 2012). The difference could also reflect seasonal changes in 
foraging strategies, expected in highly variable agro-environments (Jacob and Hempel, 2003). 
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If voles move less in spring and fall, the capturability might be reduced, but they would still 
leave activity signs. 
The vole sign method worked better inside fields than in their edges, possibly because 
we had fewer squares sampled in edges. By sampling 5 squares in field edges, instead of 3 or 2, 
the performance of the index notably improved. Therefore increasing the number of squares 
in edges may improve density estimates. Field edges are not homogeneous habitats, since 
their structure is highly variable in agricultural landscapes, from a few centimetres to several 
metres wide, with varying vegetation density and cover that may affect our ability to 
accurately detect activity signs (Tellería, 2004; Witmer, 2005). A limitation of this method in 
edges might be the difficulty to find vole signs in wide edges with high cover density, but this 
problem is of lesser concern since using small squares makes comprehensive searches easy. 
Another issue could be that in that kind of high quality habitats voles may move less, as 
observed in other vole species (Renwick and Lambin, 2011), and may be thus less likely to 
enter traps. This could affect in particular our CMR method, given the distance between traps. 
Moreover, as field edges may be used by voles as dispersal corridors (Renwick and Lambin, 
2011), part of the observed differences may be due to the activity of non-resident voles. 
Vole abundance varied between agricultural habitats (alfalfa, cereal and fallow) and 
location within these habitats (edge and field). Both captures and the sign activity index 
indicated greater abundances in the edges than inside the fields. Edges have been reported 
usually as an optimum habitat for small mammals in agricultural landscapes (Spitz, 1977; Spitz 
and Bourllere, 1977; Butet et al., 2006; Briner et al., 2007; de Redon et al., 2010). This may be 
due to the higher stability of the edge, usually not ploughed, allowing the persistence of 
burrows in a relatively undisturbed herbaceous habitat which provides food and cover. 
Common voles in central Europe live mostly in edges and rarely leave these (Briner et al., 
2005), and agricultural areas with wide edges may have less crop damage problems during 
130 
 
vole outbreaks (de Redon et al., 2010). Agricultural fields suffer other disturbances that could 
affect vole presence, such as harvesting. This could be particularly important in cereal fields, 
with harvesting occurring once in summer, and leaving the field almost bare of vegetation for 
several months, thereby explaining the lower vole density found in this habitat. 
Of the three studied habitats, alfalfas held the highest vole abundances, both in edge 
and field. This herbaceous crop therefore appears as a main reservoir for voles, as reported 
elsewhere (Haim et al., 2007; Heroldova et al., 2007). Alfalfas provide high quality food all year 
round, and voles can maintain colonies there for many years, since there is no tillage for 3–8 
years there while the crop is being cultivated. Alfalfas also offer protective cover against aerial 
predators (Jacob and Hempel, 2003), except when they are harvested (Haim et al., 2007). 
5. Conclusions and applications 
The Vole Activity Sign methods, and in particular the PSpS index with at least 5 points in the 
edge and 10 in the field, provides a promising tool from a monitoring point of view. It is a fast, 
cheap and reliable method for estimating vole abundance. It provides density estimates similar 
to those of other trapping methods, in particular the Single Trapping Event method for vole 
densities up to 70 voles per ha. It also compares well with estimates derived using a CMR 
method, although our sample size for this comparison was more limited. Testing the method 
with a larger sample size may be required to refine data fitting and improve reliability of 
estimates, particularly at higher vole densities. Additional work may also be required during 
winter and on cereal fields to improve data fitting into all seasonal scenarios. Nonetheless, the 
method offers new opportunities for managers and researchers to monitor vole population 
abundance in wide areas, as the sign method is relatively easy and requires fewer economic 
and human resources than trapping methods. The use of conventional trapping methods could 
be restricted to those areas where strong abundance increases are detected, in order to obtain 
more accurate information on the condition and reproductive status of voles, or whenever 
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more detailed data are necessary. The vole sign index could be used as the main sampling tool 
for an early warning monitoring system, thus improving the adjustment of control campaigns 
to the real situation of vole populations, hereby improving the cost-efficiency of those 
campaigns and helping to prevent the economic, sanitary and environmental costs of ill-
designed campaigns (Olea et al., 2009; Vidal et al., 2009; Aldea-Mansilla et al., 2010; Viñuela et 
al., 2010). The methodology we propose could facilitate the study of alternative outbreak 
control measures, for example the use of deep ploughing at certain times and areas, the 
increase in the frequency of harvestings in alfalfa crops, flooding crops in areas where it is 
possible (Jacob, 2003a; Haim et al., 2007), detection of favourable habitats for voles where 
more intensive monitoring is required and study the possibility of reducing them (Butet et al., 
2006) or implementing widespread biological control measures of the species (Pelz, 2002; 
Haim et al., 2007; Paz et al., 2013). 
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Uncertainty and mistakes in abundance estimates of a 
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For pest management strategies to effectively prevent crop damage while at the same time 
causing the least environmental collateral damage, reliable abundance monitoring tools are 
required. In this study we compared the density estimates provided by two indirect indexes 
Presence Signs per Square (PSpS), previously validated by a comparison with trapping data, 
and another one developed by the Spanish ministry of agriculture food and environment (MI) 
and recommended as main monitoring tool. We found that at low vole abundance MI 
overestimated ca. 14 times vole density compared to PSpS, although both indexes were highly 
correlated between them. We suggest that this kind of monitoring tools should be tested in 
different densities situations to prevent the start or continuation of control campaigns when 





Natural systems are inherently complex and obtaining accurate data that can be used to take 
appropriate management decisions remains a challenging task. This is particularly true for 
agricultural pest species, whose management (e.g. pest control) is often problematical. For 
instance, accurately determining threshold densities for implementing specific management 
actions remains a key issue, and uncertainties can induce mistakes during the decision making 
process (Ludwig et al., 1993). To address the risks and uncertainties of decision making under 
imperfect knowledge, different strategies have been developed like adaptive management or 
management strategies evaluation (Parkes et al., 2006; Bunnefeld et al., 2011).  
In both types of management strategies, one of the commonest uncertainties is the 
lack of adequate knowledge of the population dynamics of the species under management. 
This is of crucial importance in order to know how much of a given population should be 
harvested at a given time (Holland, 2010; Milner-Gulland, 2011), or to know which control 
measures are effective and when they should be applied in a pest management scenario 
(Parkes et al., 2006). Thus, inaccurate knowledge of population abundance and trends would 
increase the chances of making erroneous management decisions in pest control programs, 
inducing undesired costs either by the application of unnecessary treatments, or by not 
applying a treatment when necessary (Gent et al., 2011).  
An adequate knowledge of population dynamics requires a reliable method to 
measure population size or abundance (Krebs, 1999; Witmer, 2005). In the case of pest 
management, the method should also be simple enough to be applied at a large scale and 
should allow a fast monitoring (Jareño et al., 2014). As our knowledge of the studied species 
increases it is important to review the reliability of the methods used to measure abundance 
(Lisicka et al., 2007; Embleton and Petrovskaya, 2013), and to continuously enhance them in 
order to improve decision-making. 
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The common vole (Microtus arvalis) colonized the agricultural plains of Castilla y León 
(NW Spain) since the end of 70s, and regular population outbreaks have since caused 
important agricultural damages (Luque-Larena et al., 2013). During a common vole outbreak in 
2007-08, an activity index was used to estimate vole density and implement pest control 
actions, and this method has been subsequently advocated as the main large-scale monitoring 
tool for common vole populations in Spain (Dirección general de recursos agrícolas y 
ganaderos, 2009). However, to our knowledge, this method had not been reliably tested in the 
study area, potentially leading to erroneous management decisions, with important 
environmental side-effects (Olea et al., 2009). Our aim here is to assess whether the 
monitoring tool proposed by the Ministry of Agriculture is accurate enoughfor estimating 
common vole density and taking management decisions. For this purpose, we compared 
common vole abundance estimates derived from the index currently recommended by the 
Spanish Ministry of Agriculture with those obtained using another abundance estimation 
method recently validated in the same agricultural area (Jareño et al., 2014).  
Material & Methods 
The study took place during august 2012. We compared two indirect methods of estimating 
common vole abundance on 60 plots, characterized by three different types of agricultural 
habitats (non irrigated alfalfa, fallows and stubble; with a total of 20 plots per habitat type). 
The study plots (fields) were located in three villages of Castilla y León: Boada de Campos, San 
Martín de Valderaduey and Villalar de los Comuneros. These villages were strongly affected by 
the 2007 vole outbreak, and two of them were also affected by a less important vole outbreak 
in 2011(Paz et al., 2013).  
Presence Signs per Square (PSpS) method 
This method estimates the number of vole Presence Signs per Square (PSpS from now on), a 
method recently developed and validated in this region and study area (Jareño et al., 2014). 
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This index is based on the presence / absence of vole activity signs (fresh dropping and/or 
clippings) within 15 squares (each 30x30 cm), at locations randomly selected every 5-7 m along 
a transect line located on the edge of sampled agricultural parcels (5 sampled squares in the 
field margin, a habitat highly favorable for this species) and along another perpendicular 
transect line, from the edge towards the centre of the field (10 sampled squares inside the 
field; the two lines forming a “T” design, see details in(Jareño et al., 2014). At the plot level, 
vole density (number of voles/ha) was estimated from the PSpS index using the formula: 
voles/ha=  exp *(1.79 ± 0.39 + (3.34 ± 0.86) × PSpS)+ − 1, obtaining the variable PSpS_d (Jareño 
et al., 2014). In addition, we recorded vole activity in edges and in field separately, calculating 
PSpS indices for the edge and field separately, Since PSpS was obtained both in the edge and 
inside the field, and given that both vole population activity and index performance varied 
with location (lower vole activity and better index performance in fields than in edges; (Jareño 
et al., 2014), we analyzed results for each location separately in the correlation analyses. Thus 
PSpS was used for the whole index, PSpS_e for the squares in the edge and PSpS_f for the 
squares inside the field. This index showed a good correlation with vole densities estimated by 
trapping, so it can be considered a reliable sampling method to estimate vole densities, at least 
for densities up to 100 voles/ha (see Jareño et al. 2014). 
Ministry of agriculture method 
This method, developed by the Spanish ministry of agriculture food and environment 
(hereafter referred as to the MI method) is based on the sampling of 33 rectangles, each 3 
meters long by 1.5 meters wide along a 100-m transect line going from the edge to the centre 
of the sampled field. It consists of looking for active vole burrows (a burrow being active when 
recent activity signs (clipping or droppings) are found near burrow external holes within each 
rectangle. The vole abundance estimates (voles/ha) are obtained by multiplying the number of 
rectangles with active burrows by 40 (Dirección general de recursos agrícolas y ganaderos, 
2009). This method appears to be based on a indirect index developed elsewhere (Delattre et 
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al., 1990), with recommendations to use it in areas where vegetation height does not exceed 
15 cm. We calculated abundance estimates using the MI method and squares sampled inside 
the field only, as field edges in our study area typically have dense vegetation taller than 15cm.  
For each of the 60 study plots, we obtained estimates from both indexes consecutively, over 
the same central axis.  
 
Figure 4b.1. Dispersion graphic for the densities estimates obtained from MI_33 and PSpS. 
 
Statistical analyses 
We used Spearman correlations to test for associations between abundances estimates 
derived from the PSpS method (PSpS, PSpS _e, PSpS_f, standardized before analysis by dividing 
them by the number of quadrats used in each case, 15, 5 and 10 respectively) and the MI 
method (MI standardized before analysis by dividing it by the total number of rectangles 33).  
Correlations were tested for all habitats pooled, as well as for each habitat separately. Paired 
Wilcoxon signed-rank tests were used to determine whether the density estimates provided by 
each index (PSpS_d and MI_d) were significantly different. We also performed a linear 


























used linear models since the relationship between both densities was apparently linear (Figure 
4b.1). All statistical analyses were done using R 2.14.1 (R Development Core Team, 2008).  
Table 4b.1. Spearman correlations between the ministry index (MI), and presence signs index (PSpS for 
all, PspS_f for field only, PspS_e for edge only), in all habitats (All, n=60), alfalfa (Alf, n=20), fallow (Fal, 
n=20) and cereal (Cer, n=20). Significant correlation coefficients are highlighted in bold (.p<0.1; * p 




Index Habitat PSpS_e PSpS_f PSpS 
MI 
All .23 . 0.76 *** 0.76 *** 
Alf  -0.03 0.75 *** 0.70 *** 
Fal 0.66 ** 0.75 *** 0.87 *** 
Cer 0.09 0.51 * 0.29 
PspS_e 
All   -0.02 0.55 *** 
Alf   -0.21 0.19 
Fal   0.34 0.69 *** 
Cer   -0.22 0.89 *** 
PspS_f 
All     0.78 *** 
Alf     0.90 *** 
Fal     0.89 *** 
Cer     0.22 
 
Results 
We found that both abundance estimates derived from the presence of activity signs methods 
(MI and PSpS) were highly and significantly correlated (Table 4b.1). The correlation was 
maintained when considering only the PSpS estimates derived using only squares sampled 
inside the field (PSpS_f, i.e. excluding data from field edges, which are not sampled by the MI 
method), but not so much with estimates obtained for edges only (PSpS_e). Estimates 
obtained with the PSpS method for edges and fields were not correlated at all (Table 4b.1).  
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When we analyzed the relationship between PSpS and MI in each habitat separately, 
we found that in alfalfas and especially in fallows PSpS and MI had a good correlation between 
them, but they were not correlated in stubble (Table 4b.1). When considering only PSpS_f, 
data from all habitats were correlated with MI, although the correlation in stubble was lower 
than in alfalfa or fallow (Table4b. 1); on the other hand when considering only PSpS_e, no 
correlations were found for any habitat considered (Table 4b.1). 
 
Figure 4b.2. Common vole (Microtus arvalis) mean abundance estimates according to each indirect 
activity index; PSpS_d , and MI_d for all habitats (All, n=60) and for each individual habitat (Alfalfa, 
Fallow and cereal, each one with n=20). We include standard error. 
 
Beyond correlation between estimates obtained with both indices, when we analyzed 
mean densities estimated by both methods, marked differences were found between the 
estimates derived from the MI methods and the PSpS method. Average vole densities 
estimated by the MI index were ca. 14 times higher than those obtained using the PSpS index 
(PSpS_d vs. MI_d, V=1554 p=2.5E-06, Figure 4b.2). When we analyzed these differences in 
each habitat separately we also found higher mean densities estimates for MI_d than for 
PSpS_d in all habitats (Figure 4b.2), although the differences were significant in fallow (V=182, 
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Since density estimates provided by both indexes were highly correlated, and 
apparently had a linear relationship between them (Figure 4b.2), we used a linear model to 
test if PSpS_d could be obtained from MI_d, the results were significant (R2= 62.95%, F1,58= 
98.53, p=4.1E-14):  
PSpS_d = (6.4 ± 0.47) + (0.021 ± 0.002)*MI_d. 
Thus a direct transformation from MI to MI_d would be: 
MI_dPSpS_d = (6.4 ± 0.47) + (0.84 ± 0.08)*MI 
Discussion 
The common vole density estimates obtained with the two activity sign methods (PSpS and MI) 
were highly correlated, supporting the idea that both methods could have a similar predictive 
performance in agricultural fields. This could be expected “a priori”, as both are based on 
recording similar activity signs to estimate vole abundance. However, the density estimates 
derived from each method were markedly different, as the MI method provided values much 
higher than those obtained using the PSpS method (as much as more than 18 times higher; 
Figure 4b.2). The density estimates obtained by PSpS have been previously validated in 
conditions of medium and low vole abundance (maximal densities of 126 voles/ha) by 
comparing them with trapping results (based on single trapping events and capture-mark-
recapture), but the performance for this index may be impaired at high densities (Jareño et al., 
2014). However, during our study vole density was extremely low with mean densities under 
10 voles/ha using PSpS, and with captures of 3.18 voles per100 trap nights in the same area 
during the previous month (data from ongoing long-term monitoring data, authors, unpub. 
data), taking this into account the estimates derived by PSpS method can be considered 
reliable. Thus, the MI method appears to largely overestimate vole populations at low vole 
abundances, as in this study. Given that a monitoring program is usually aimed to detect 
threshold densities when decision making is necessary, this discrepancy could lead to the 
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application of unnecessary control measures before that vole density has reached a 
problematic level (i.e. MI would estimate a density of 200 voles/ha, which would be perceived 
as a serious threat that could cause damage to crops (Dirección general de recursos agrícolas y 
ganaderos, 2009), when real density would be closer to 20 voles/ha, which can be considered a 
non-problematic density). Alternatively, the threshold identified to act should need to differ 
between methods. One of the problems in the case of vole populations in Spain is that the 
threshold to react has not been accurately identified. In this context, the discrepancy in 
abundance estimates between methods is potentially even more risky, as different estimates 
and thresholds may be confounded. For example, some Spanish technical works have 
indicated that control campaigns should be undertaken when vole populations exceed 50 
voles/ha in winter (Arenaz, 2006). Therefore, by using a method that overestimates vole 
abundance by an order of magnitude, and lacking alternative information about acting 
thresholds, it would be easy to start unnecessary control campaigns, or to continue campaigns 
that have already been successful, thus extending their usually high economical cost (Jacob 
and Tkadlec, 2010), as well as the environmental damage associated with large-scale use of 
rodenticides (Sarabia et al., 2008; Sanchez-Barbudo et al., 2012). In this case there is an added 
cause of concern; we did not include data from edge activity in the MI index, but data from 
activity in the edges was incorporated in the PSpS index, and we found significantly more 
activity in edges than inside fields (Jareño et al., 2014); thus, it is possible that we are even 
underestimating the capability of the MI index to overestimate common vole abundance. 
When we considered each habitat separately we found that MI and PSpS were better 
correlated in fallows and alfalfas, while in stubbles MI was correlated to PSpS in the field, but 
not in the global index, this was probably due to stubbles being a suboptimal habitat for voles 
in our study area (Jareño et al., 2014), thus in a year with low vole abundance there is 
practically no vole presence inside the field, being restricted mostly to edges. Thus, while in 
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the other habitats global PSpS has a better relationship with PSpS inside the field than in the 
edge; in stubble the opposite occurs (Table 4b.1).  
The main problem found with MI index lies in the formula used to estimate population 
densities (voles / ha), but seems to perform as well as the already validated PSpS in terms of 
detecting abundance variation across different agricultural fields or crops. The formula 
advocated for MI index has been probably developed during a peak of vole activity, as the 
research developed in French crops and pastures did not use this formula (Delattre et al., 
1990). In this paper we provide a correction for the density estimate of MI (6.4 + 0.84×MI; 
instead of 40 × MI), nonetheless this correction should be taken with caution as it was 
developed during a period of extremely low vole abundance, with mean vole density under 10 
voles/ha, thus its usefulness would be limited to low vole abundance, with our data to 
extrapolate this formula for densities above 15 voles/ha would be inadvisable (Figure 4b.2).  
Finally, the MI index apparently is not well suited to estimate vole abundances in field 
edges or road ditches (Delattre et al., 1990), that are micro-habitats extremely important to 
maintain vole populations in the agricultural ecosystem of the study area (Jareño et al., 2014). 
The PSpS index performance in these linear habitats was also poorer than inside agricultural 
fields. Thus, additional research is required to improve current methodology to estimate vole 
abundance in field edges, something of critical importance in a monitoring program of this 
pest species. 
Unless  additional research is undertaken at different vole abundances, the alternative 
activity sign method (PSpS) appears to be currently more adequate for monitoring the species, 
as it has been shown to be reliable at low and medium vole abundance levels (Jareño et al., 
2014), which are the abundance levels for which possible management decisions should be 
taken (Arenaz, 2006).  
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This study emphasizes the importance for reviewing and improving pest management 
tools, as proposed by adaptive management or management strategies evaluation, in order to 
correct imprecise abundance estimation methods and reduce uncertainty that may lead to 
inaccurate management decisions with their associated environmental and economic costs. 
Specific work at different levels of abundance to validate this kind of monitoring tools is 
strongly recommended.  
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Abstract 
The common vole (Microtus arvalis) colonized the agricultural plains of the northern Iberian 
Plateau at the end of the 20th century, where it started to cause significant crop damages in 
agricultural areas. To prevent those damages control campaigns based in the use of 
anticoagulant rodenticides have been employed, but this approach has several drawbacks, 
especially the potential environmental impact of anticoagulant rodenticides. To avoid these 
drawbacks other management strategies, like those based in improved agricultural practices or 
biological control have been suggested. We tested whether the supplementation of nest-boxes 
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for avian predators could be used as biological control for the common vole. We used an 
indirect index based in the presence/absence of vole activity signs (IAI) to study the effect of 
nest-boxes on common vole abundance. We found that common vole abundance was 
significantly lower near nest-boxes occupied by raptors (<180 m), and that vole abundance 
increased as distance to nest-boxes increased (≥ 180<540 m, ≥540 m). Thus, nest-box 
supplementation could be beneficial for the biological control of the common vole. Further 
research would be necessary to assess whether nest-box supplementation alone would be able 
to prevent a vole outbreak in the study area, or if it is more adequate to use them as part of an 
integrated management strategy to control the common vole. 
Introduction 
In agricultural areas, rodent pests cause damages estimated in several thousand millions of 
Euros each year (Pimentel et al., 2000; Jacob and Tkadlec, 2010), and more importantly the 
food they consume or handle is not available for human consumption anymore; only in Asia, 
rice lost yearly to rodents would be enough to feed around 200 millions of people (Stenseth et 
al., 2003). Moreover, rodents are also associated with the transmission of several diseases to 
humans, some of them deadly (Meerburg et al., 2009). Taking this into account the necessity 
of rodent management is clear. The most common strategy for rodent control has traditionally 
been, and still continues to be, the use of rodenticides, especially anticoagulants. 
Unfortunately, the use of rodenticides has several important drawbacks (Sarabia et al., 2008; 
Song et al., 2011; Sanchez-Barbudo et al., 2012), which explains the ongoing search for 
alternative management strategies for rodent populations in recent decades. Most of these 
new management strategies are included in what is usually known as “ecologically based 
management of rodent pests” (EBMRP).  This strategy tries to minimize the use of chemical 
rodenticides or at least use them more effectively though improved ecological knowledge of 
the pest species (Singleton et al., 1999; Brown et al., 2006).         
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The common vole (Microtus arvalis) is a small rodent species with a widespread distribution 
range that spans most of Europe and part of Asia, from Spain to central Russia and the middle 
east, living from the sea level to 2600 m of altitude (Amori et al., 2008), and it is commonly 
found in agricultural ecosystems (Heroldova et al., 2007; Gauffre et al., 2008; Jacob et al., 
2013; Jareño et al., 2014). Common vole populations present multiannual fluctuations in 
abundance in most of this distribution range, sometimes surpassing 2000 individuals/ha in 
favorable habitats during peak years (Jacob and Tkadlec, 2010; Jacob et al., 2013). Taking into 
account all those factors it is not surprising that the common vole is considered one of the 
most serious vertebrate pests in Europe, causing crop damage losses evaluated in millions of 
Euros during population outbreaks (Jacob and Tkadlec, 2010). Furthermore, like other rodent 
species, the common vole is a reservoir for different zoonosis (Kallio-Kokko et al., 2005; Vidal 
et al., 2009), and thus population outbreaks are also considered problematic from a human 
health point of view. 
In Spain the common vole was originally restricted to mountainous areas in the northern half 
of the Iberian Peninsula, but since the end of the 1970s it expanded its distribution range and 
colonized the agricultural plains of Castilla y León (Luque-Larena et al., 2013). At the original 
distribution area the common vole caused scant or no conflicts with agriculture, but shortly 
after its colonization of the agricultural plains outbreaks causing crop damages started being 
reported, and have continued regularly for thirty years (Luque-Larena et al., 2013). 
To manage common vole outbreaks in farmland and minimize crop damages, 
strategies based in chemical control campaigns have been used in Spain, as in most of Europe 
(Jacob and Tkadlec, 2010). This has been a common practice around the world since the 1960s, 
but it has some important drawbacks, as rodenticides affect non-target species that find the 
poisoned baits palatable, like game species, or cause secondary poisoning to predators 
(Sarabia et al., 2008; Sanchez-Barbudo et al., 2012) or even tertiary poisoning (Smith et al., 
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1990). It should be noted, in that context, that poisoned prey can exhibit an abnormal 
behaviour, which may make them more vulnerable to predators, thus increasing the likelihood 
of predators ingesting a harmful dose of poison as contaminated prey may be overrepresented 
in the diet (Brakes, 2003). Another problem associated with the excessive reliance in the use of 
anticoagulants is that different rodents across Europe have developed resistance to these 
treatments (Song et al., 2011; Vein et al., 2011), and in consequence control campaigns using 
them are increasingly less effective. Moreover, applying chemical control at large scales (as 
population outbreaks usually occur simultaneously over large areas) is expensive; for example, 
during the 2006-2007 vole outbreak in NW Spain, ca. 15 million € were spent in such control 
measures (Jacob and Tkadlec, 2010). Finally in the European Union there is a trend to reduce 
the widespread use of chemical substances that may be a hazard for the environment or 
human health (European Parliament and of the Council, 2006), i.e. anticoagulant rodenticides, 
the most used products in previous Spanish outbreaks (Luque-Larena et al., 2013), are no 
longer allowed for field use to control common voles in Germany (Jacob et al., 2013). 
Alternative management techniques to limit vole populations in Spain have included 
the use of controlled burning or ploughing to limit vegetation in field margins, stream banks or 
stubble (thus destroying refuge areas and limiting food abundance for the common vole), 
which may also have negative consequences on non target species, since habitats with natural 
vegetation concentrate a good deal of biodiversity in agrarian ecosystems, and cover limited 
surfaces (Michel et al., 2006; Kraehenbuehl et al., 2010). 
In order to avoid these drawbacks, the use of alternative strategies to control common 
vole outbreaks has been advocated (Pelz, 2002). This author has remarked that biological 
control of common vole populations could be a feasible technique that has not received 
enough support by the time he wrote that test. More recently, strategies based in biological 
control to manage populations of common voles in farmland in Spain are under study  (Paz et 
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al., 2013). Biological control is one of several tools that can be used for EBMRP. EBMRP uses 
scientific knowledge of rodent species to improve management efficiency whilst reducing 
negative impacts on the environment, and is widely used in Asia, Australia and Israel (Brown et 
al., 2006; Jacob et al., 2010; Motro, 2011; Hunt et al., 2012).The use of predators to control 
rodents is one of the oldest and more widespread forms of biological control for this animal 
group (Newsome, 1990; Driscoll et al., 2009). Avian predators have been employed to control 
rodents in Kenya with promising results (Odhiambo and Oguge, 2003), and they have also been 
used to control levant voles (Microtus ghenteri) and reduce crop damage in Israel (Haim et al., 
2007). Furthermore, it has been shown that common vole abundance in the habitats of the 
original distribution montane area in Spain (pasturelands) can be regulated by the abundance 
of one of its predators, the common kestrel (Falco tinnunculus), artificially increased by 
providing nest-boxes (Fargallo et al., 2009).  However, the efficacy of biological control to 
manage rodent populations is not always clear (see, e.g. Wood and Fee, 2003), and it is likely 
to be context-dependent (i.e., it may vary in relation to predator abundance, the importance 
of other limiting factors for rodent populations, or the scale at which the management 
objectives want to be achieved – i.e. at the field scale, farm scale, or regional scale). It is 
therefore important to verify in each situation whether it is a viable management strategy or 
not, given the management objectives.  
In this study we report on the local effects that the provision of nest-boxes for raptors 
have on common vole abundance in an agro-environment characterized by a scarcity of 
natural nesting sites for avian predators. We assess the potential use of nest-boxes 
supplementation as a biological control tool for managing vole populations.  
We hypothesize that if avian predators affect abundance of common vole at the local 
scale, then common vole abundance should be lower closer to nest-boxes (as boxes are used 
by breeding raptors, and sometimes also as perches by foraging raptors). Further, an 
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assessment of how the depletive effect of raptors using nest boxes vary with the distance to 
the nest-box may allow assessing the scale at which biological control may be effective, 
therefore allowing optimizing the design of nest-box implementation to maximize its effect on 
voles. 
 
Material and Methods 
 
Figure 5.1. Location of the experimental areas in Castilla y León: Boada (Boada de Campos), San Martín 
(San Martín de Valderaduey) and Villalar (Villalar de los Comuneros. 
 
Study area 
The study took place in 3 experimental areas in NW Spain, Boada de Campos (BC from now 
on), San Martín de Valderaduey (SMV from now on) and Villalar de los Comuneros(VC from 
now on) (Figure 5.1), each covering around 2000 ha. These three experimental areas are 
located in the central sector of the wide agrarian area recently colonized by common voles 
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(Luque-Larena et al., 2013). Land use in this area is dominated by annual crops (mainly cereal 
(Ministerio de agricultura Alimentación y Medio Ambiente, 2011) in open homogeneous 
landscapes, with almost no forests or hedges, and very few trees (mainly isolated or near 
water courses). In the study area most of the land is dedicated to agrarian use (40-71% of the 
total surface depending on Provinces (Ministerio de agricultura Alimentación y Medio 
Ambiente, 2011). This area has been affected by several common vole outbreaks since it was 
colonized in the 1980s, one of the most important occurring in 2006-2007 (Luque-Larena et al., 
2013). Between 2009 and 2010 a hundred nest-boxes, half with a design for common kestrels 
(Falco tinnunculus) and the other half for barn owls (Tyto alba), were installed within each of 
these experimental areas to increase raptor breeding populations and study the potential of 
using avian predators as biological control  for common vole outbreaks (Paz et al., 2013). 
Average distance between nest-boxes was 250 meters. 
Habitat 
In this study, six habitat types were considered: Alfalfa (one of the preferred habitats for the 
common vole in Europe); Cereal (wheat and barley); Other Annual Crops (i.e. sunflower, maize, 
sugar beet, peas …); Natural Vegetation (includes pastures and fallows); Stubbles (cereals and 
other harvested annual crops, which in the study area may remain unploughed several 
months); and Ploughed (fields that have been recently ploughed and thus have no vegetation). 












2011 Occupied 27 46 54 127 
 
Unoccupied 71 58 35 164 
 
Total 98 104 89 291 
2012 Occupied 66 48 51 165 
 
Unoccupied 30 59 35 124 
 
Total 96 107 86 289 
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Nest-box occupation  
Nest-boxes were regularly monitored during the 2011–2012 breeding seasons (Table 5.1). 
Occupation of a nest-box by breeding kestrels or barn owls and their breeding parameters 
were noted for each nest-box each year as explained in (Paz et al., 2013). From this 
information, we classified each nest-box as occupied (i.e., used by a breeding pair of kestrel or 
barn owl in the study year, regardless of breeding success) or unoccupied (empty). It is known 
that some of the unoccupied nest boxes were used as perching places for other raptors 
especially the Common Buzzard (Buteo buteo) (Paz et al., 2013), but we did not quantify this 
use of nest-boxes as perching sites by raptors. 
Vole abundance 
Vole abundance was estimated using an indirect activity index (IAI from now on), based on the 
presence/absence of fresh vole droppings and/or clippings (feeding signs) in squares of 30 by 
30 centimeters sampled along a linear transect. This index has been shown to be well 
correlated with vole density over larger areas (Jareño et al., 2014).  Between 2011 and 2012, 
between 4 and 8 linear transects were conducted in each experimental area (Table 5.2). In 
each transect, between 33 and 156 points were sampled approximately every 50 meters. GPS 
coordinates for each point were taken, and each transect was repeated in February and 
August. The spatial arrangement of transects was designed to include a representative sample 
of fields with the most important agrarian habitat for voles in the study area (alfalfa fields, see 
Jareño et al. 2014) and a wide range of distances to nest-boxes. Overall, sampled points were 
at distances between 3-4505 m from nearest nest boxes. 
We tested for an effect of predator activity (distance to occupied and unoccupied nest-
boxes) on vole occurrence at the quadrat level, taking into account variations between years, 
areas and season (winter = February, and summer = August). We expected similar vole 
abundances near all nest-boxes in winter (as then all nest-boxes are unoccupied for breeding, 
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and their use as perches may be similar for all of them), while in summer we would expect 
lower vole abundance near occupied nest-boxes than unoccupied ones. All points that 
presented ploughed habitat in August were excluded from the analysis, as the reduction in 
vole abundance caused by ploughing (Jacob and Hempel, 2003; Bonnet et al., 2013) was the 
results of the destruction of the habitat due to this agricultural practice (Bonnet et al., 2013).  
Table 5.2. Number of transects in each experimental area per year, with the number of points used in 
the analysis (left) versus the total number of points sampled (right), the difference arises from the 
number of points that were ploughed in summer and were not used for analysis. 
 
 
Using the coordinates for each sampled point, and of each occupied and unoccupied 
nest-box, we used a GIS program, gvSIG 2.0 (gvSIG Association, 2013), to obtain variables 
describing the distance between each sampled point and: a) the nearest unoccupied nest-box 
in the same year(UN); and b) the nearest occupied nest-box in the same year (ON). We also 
used gvSIG to obtain the land register identification number (hereafter “field ID”) for the fields 
in which each point was located from the Spanish cadastre (http://ovc.catastro.meh.es/ 
Cartografia/WMS/ServidorWMS.aspx). Each sampled field had a unique ID, irrespective of the 
experimental area it was sampled in. We also noted (during fieldwork) the habitat type of each 
sampling point (quadrat) within fields, because a given field could be occupied by more than 




Boada de Campos 
Villalar de los 
comuneros 
San Martín de 
Valderaduey 
Transect 2011 2012 2011 2012 2011 2012 
1 58/74 48/48 91/114 48/49 112/113 57/60 
2 73/76 56/56 89/100 32/33 60/63 65/66 
3 61/61 59/59 49/97 54/62 56/70 44/55 
4 59/67 56/57 117/156 34/35 77/80 46/47 
5 65/65 NA 40/50 39/39 NA NA 
6 30/47 NA 41/48 NA NA NA 
7 NA NA 86/124 NA NA NA 
8 NA NA 54/81 NA NA NA 
Total 346/390 219/220 567/770 207/218 305/326 212/228 
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Distance to nest-box 
We analyzed the variables “distance to nest-boxes” (occupied or not) categorically, using three 
classes of distances. Previous studies on the viability of avian predators for the biological 
control of rodent pests in Asia have found that one nest-box per 10 ha may significantly reduce 
crop damage (Hafidzi and Mohd, 2003). We thus categorized the distance to nest-boxes in 3 
categories: A= points at less than 180 m from a nest-box (i.e. all points within a circle of 
approximately 10 ha around a nest-box); B= points between 180 m 540 m from a nest-box (an 
increase in the radius equal to the previous diameter) and C= all points 540 m or further from 
the nearest nest-box. These categories were calculated for UN and ON and each one included 
circa 1/3 of sampled points (being, thus, relatively balanced in terms of sample size).     
Statistical analysis 
We first used an ANOVA to analyze differences in abundance between the different habitats 
types considered in the study.  
Subsequently, to analyze variations in vole occurrence (hereafter, I use “abundance” to 
indicate “probability of occurrence of vole signs in a given quadrat”) in relation to nest-box 
distance, we used generalized lineal mixed models (glmm), fitting the response variable (IAI 
per quadrat) to a binomial distribution (0=no presence; 1=presence signs). We included field ID 
and Habitat type as random factors, in order to take into account the non independence of 
sample points in the same fields and habitats. We tested for differences in vole abundance 
(IAI) according to season (a categorical variable with two levels: winter – February – and 
summer – July and August), distance to nest-box (a categorical variable with three levels: A– 
<180 m–, B– ≥180<540 m – and C – ≥540 m –), Year (a categorical variable with two levels: 
2011 and 2012), Area (a categorical variable with three levels: Villalar, San Martín and Boada) 
and all the interactions between them. We ran two separate analyses, one considering the 
154 
 
distance to the nearest unoccupied nest-box (UN); and another one considering the 
distance to the nearest occupied nest-box (ON). 
We used R 2.14.1 for all statistical analysis (R Development Core Team, 2011). We started from 
the complete model and selected the best model using p-values for the variables, using a Type 
III sum of squares, as the selection criterion; at each step we dropped the variable with the 
highest p-value, stopping when all variables in the model were significant (p-value < 0.05). If an 
interaction was significant, we did not eliminate any of the components of the interaction, 
even if they were not significant per se. 
 
 
Figure 5.2. Common vole abundance (% of quadrats with presence) according to habitat type; using an 
indirect abundance index (IAI), based in the presence/absence of vole droppings and/or feeding signs, to 
measure vole abundance.  
 
Results 
We found significant differences in vole abundance between habitats (F5,3706=30.86, p<2.2E-
16), with alfalfa being the habitat with highest vole abundance values, followed by natural 
vegetation, stubble, cereal and other annual crops (that had similar, intermediate, vole 








































Table 5.3. Results of the final glmm models (using p-values as selection criterion, dropping those 
variables with p-value > 0.05) for vole activity based in the indirect abundance index (IAI) and different 
variables potentially affecting vole abundance. Distance to CUN indicates distance to closest unoccupied 
nest-box and Distance to CON indicates distance to closest occupied nest-box. Bold print indicates 
significant results. Dropped indicates variables or interactions that were excluded from the analysis 
since they were not significant. 
Variable 
Distance to CUN Distance to CON 
χ
2
  df P χ
2
  df P 
Intercept 39.11 1 4 E-10 44.09 1 3.1 E-11 
Distance Dropped 
  
6.6 2 0.037 
 Year 0.94 1 0.33 0.56 1 0.45 
Area 23.58 2 7.9 E-06 23.21 2 9.1 E-06 
 Season 4.37 1 0.037 4.49 1 0.034 
Area:Season 11.66 2 0.003 11.66 2 2.1 E-07 
Season:Year 27.21 1 1.8 E-07 26.95 1 2.1 E-07 
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From the analyses evaluating variables affecting variation in vole abundance, we 
observed significant differences according to the interaction between Year and Area (Table 
5.3) in both models. This was related to the fact that temporal variation in abundance differed 
among Areas:  in SMV, the highest abundance was found in 2011, whereas in the other two 
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Areas abundance was higher in 2012 than 2011, differences among years being also less 
marked (Figure 5.3).  
 
Figure 5.3. Common vole abundance (% of quadrats with presence) in each study area and year by 
season; using an indirect abundance index (IAI), BC stands for Boada de Campos, SMV for San Martín de 
Valderaduey and VC for Villalar de los Comuneros. Under each year appears the number of sampled 
quadrats per season. 
 
We also found a significant effect of the interaction between Season and Year and 
between Area and Season in both models (Table 5.3). These interactions arose from the fact 
that there was a spatial shift in the seasonal and temporal variations in abundance among 
areas (Fig. 5.3); we observed an overall increase in vole abundance from the beginning of the 
study, followed by a reduction; however, the moment of the maximum observed (and the 
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summer 2011, declining from winter 2012, whereas in the other two areas, abundance peaked 
in winter 2012, only declining in summer 2012.  The variable Year per se was not significant in 
any model (Table 5.3), whereas both Season and Area were (Table 5.3), winter having overall 
less abundance than summer and SMV being the Area with higher vole abundance (Figure 5.3). 
After accounting for variations related to Year, Area and Season, we also found that 
vole abundance increased significantly as distance ON increased, whereas variations related to 
distance to UN were not significant (Figure 5.4, Table 3).  
 
Figure 5.4. Common vole abundance (% of quadrats with presence) according to the distance to closest 
nest-box, occupied (ON-left) or unoccupied (UN-right); using an indirect abundance index (IAI). Above 
each column appears the total number of quadrats sampled. 
 
Finally all second order interactions that included distance in both models were not 
significant, as well as all third and fourth order interactions (Table 5.3). 
Discussion  
Factors affecting variation on vole abundance 
Vole abundance varied among habitats, with Alfalfa and Natural vegetation having the highest 







































consistent with results from previous studies elsewhere in Europe (Heroldova et al., 2007; 
Jacob et al., 2013) and in the same study area previously (Jareño et al., 2014).  
Additionally, we also found significant differences among areas in annual and seasonal 
variation in IAI (seen through the interaction Year:Area and Season:Area in Table 5.3). This was 
probably due to our study period covering the end of a multiannual cycle, with vole 
populations peaking in mid 2011 in SMV, whereas in BC and VC the peak could have occurred 
later, at the end of 2011 or the beginning of 2012, and 2012 was the year were common vole 
populations collapsed, although the collapse was also earlier in SMV than in the other two 
areas (Figure 5.3).  
Overall, the simple variables Season and Area were both significant (Table 5.3), which 
indicates a general pattern of  higher vole abundance in summer than winter (Figure 5.3), 
which would be the expected pattern for vole populations (Jacob et al., 2013), and  higher vole 
abundance in SMV than in the other areas (Figure 5.3).  
Effect of nest boxes on vole abundance 
Even when taking into account all the potentially confounding variables as defined above, we 
found, as expected, that vole abundance was also significantly affected by the distance to the 
closest occupied nest-box (ON), but not by the distance to nearest unoccupied nest-box (UN) 
(Table 5.3). We found that as distance to the closest occupied nest-box decreased, common 
vole abundance also decreased. In fact, abundance estimates for the first distance category 
(<180 m from nest-box) were approximately 18 % lower than in the second one (between 180 
and 540 m), which in turn were approximately 30 % lower than in the third distance category 
(≥ 540 m) (Figure 5.4). Occupied nest-boxes thus had their maximum effectiveness in an area 
of ca. 10 ha around them, which coincides with the results obtained with barn-owls in rice 
fields (Hafidzi and Mohd, 2003). Furthermore, our results indicate that an occupied nest-box 
could reduce vole abundance up to 90 ha around them, and although this may be due to the 
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effect of the occupied nest-box, the use of unoccupied nest-boxes as perches by aerial 
predators could also help, especially in areas with little to no tree cover as the study area (Paz 
et al., 2013). This effect should not be underestimated, since with a mean distance between 
nest-boxes of 250 m (Supplementary materials Table S5.1), several unoccupied nest-boxes 
would be present at <540 m from an occupied nest-box, and in the study area their use by 
several aerial predators as perches has been detected (Paz et al., 2013). That nest-boxes could 
affect such a wide area could be due to raptors affecting vole populations not only though 
direct predation, but also through indirect effects that could alter common vole behavior 
(Jacob and Brown, 2000), and whose effect could be as important as direct predation (Preisser 
et al., 2005). This should be tested in future studies. 
Finally, the interactions between distance to nest-boxes and any other variable were 
not significant, which indicates that the effect of nest-boxes over common vole was similar, 
despite the differences in vole abundance previously described between years, seasons and 
areas.  We did not even find the interaction between Season and Distance to ON significant, 
although we had expected that in winter common vole abundance would be similar 
independently of whether there was a nest-box nearby or not, while in summer occupied nest-
boxes would have had lower vole abundance near them. That there is no difference may be 
due to raptors overwintering, or to breeding pairs staying in the nesting area over all year, in 
nest-boxes that would become occupied during the following breeding season. This could be 
possible since the observation of common kestrels in February, perched over nest-boxes that 
afterwards would become occupied, was a common sight during the study period (personal 
observation), but further study is necessary. 
Overall, our results show that nest-boxes could be used to locally reduce common vole 
populations in farmland fields, both during the increasing and collapsing phases of the 
common vole population cycles, being thus potentially a useful method to control vole 
160 
 
populations and reduce crop impacts, at least at the abundance levels detected during this 
study. Nonetheless, it should be noted that in 2011, despite having the highest vole abundance 
recorded during the whole study period, vole populations were not so high or as widespread 
as in some previous large-scale vole outbreaks, such as 2007 (Vidal et al., 2009). Thus, 
information about the effect of nest-boxes in a large-scale outbreak with maximal vole 
densities is still needed, as it is known in other similar systems that a combination of several 
vole control techniques within a framework of integrated management programs may be 
necessary in such a situation (e.g. the case of voles in alfalfas of Israel;(Haim et al., 2007). 
Conclusions 
The use of nest-boxes to increase predators in simplified agro-environments to control 
common vole abundance appears to be a viable management strategy, as avian predators 
colonize them rapidly (Paz et al., 2013), and they appear to reduce vole abundance near them, 
similar to effects of avian predators detected in other studies (Hafidzi and Mohd, 2003). 
Nonetheless it is necessary to continue studying the effects of nest-boxes, and also evaluating 
the long-term effect of their presence, to verify if predator presence allows regulating 
population outbreaks, minimizing the amplitudes of the population outbreaks. Furthermore, 
some studies have found that nest-boxes are effective locally, but not viable to prevent 
landscape level outbreaks (Wood and Fee, 2003), thus emphasizing the necessity to further 
study the effect of varying nest-box placement and density designs. Moreover, it is also 
important to evaluate if the increased predator populations could negatively affect other 
species (Paz et al., 2013). 
Finally it is necessary to verify if the reduction in vole activity produced by nest-boxes 
increases crop yield in our study area, and whether this increase would make economically 
profitable for farmers to install nest-boxes without subsidies, especially in some of the 
preferred habitats for the common vole, like alfalfas (Jareño et al., 2014), as shown in a study 
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with the levant vole (Microtus guentheri, Danford & Alston, 1880), a pest species that damages 
alfalfas in Israel. It has been reported that the use of nest-boxes for barn owls increased alfalfa 
yield in 30$/hectare-year, thus being profitable for farmers (Motro, 2011). , If this effect would 
be similar for our study area, and only taking into account the area with the highest vole 
activity reduction of 10 ha around each box, the installation of a nest-box, which costs around 
200$ (Paz, 2013), would be paid by the increase in yield just in one 1 year if it was protecting 7 
ha of alfalfa, being thus economically sound for farmers to install nest-boxes even without 
subsidies. 
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A 249.7 245.3 247.5 
ON 442.6 332 387.3 
UN 309.7 375.7 342.7 
















El topillo campesino en Castilla y León, causas de la expansión y de las explosiones 
demográficas 
Hasta el inicio de la década de los 70 del pasado siglo el área de distribución del topillo 
campesino en España estaba limitada a las zonas montañosas de la mitad norte de la Península 
Ibérica, pero a finales de esa década la especie empezó un proceso de expansión que la llevaría 
a ocupar la mayor parte de las llanuras agrícolas del noroeste español (aproximadamente 
50000 km2) en unos 20 años (Luque-Larena et al., 2013, Capitulo 1).  
La colonización de Castilla y León (CyL de ahora en adelante) se originó en las 
cordilleras periféricas dirigiéndose hacia las llanuras centrales de menor elevación, 
probablemente siguiendo el curso de los ríos y en general de este a oeste (Luque-Larena et al., 
2013, Capitulo 1). La rápida expansión desde áreas montañosas más húmedas hacia las 
llanuras agrícolas más áridas por parte de una especie herbívora, que prefiere alimentarse de 
vegetación herbácea verde (Amori et al., 2008), indica que las condiciones ambientales en la 
región tuvieron que cambiar de forma importante para permitir la colonización. 
Coincidiendo con la llegada del topillo campesino a las llanuras agrícolas de CyL la 
especie empezó a exhibir ciclos de población multianuales a nivel regional, previamente 
desconocidos en el área de estudio, aparentemente la especie llego a un área que le permitía 
exhibir ciclicidad y producir explosiones demográficas (Delibes, 1989; Luque-Larena et al., 
2013, Capitulo 1). Las explosiones demográficas exhibidas por el topillo campesino pueden 
haber ayudado a la rápida expansión de la especie, permitiéndole aumentar mucho su área de 
distribución en años de pico poblacional y sobrepasar las pocas barreras geográficas en su 
camino (Ligtvoet and van Wijngaarden, 1994; Luque-Larena et al., 2013, Capitulo 1). 
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Muchas poblaciones de topillos en Europa y el mundo están caracterizadas por 
presentar ciclos multianuales de abundancia, en el caso del topillo campesino su ciclicidad 
oscila entre 2 y 10 años, aunque lo más normal son ciclos de entre 3 y 5 años (Mackin-Rogalska 
and Nabaglo, 1990). En España solo se han producido explosiones demográficas que afecten a 
grandes superficies desde hace unos 30 años, por lo tanto la información científica sobre este 
fenómeno es escasa, pero usando distintas fuentes (científicas, prensa y trabajos técnicos) ha 
sido posible reconstruir la evolución de las poblaciones de topillo campesino en España y 
analizar su ciclicidad (Luque-Larena et al., 2013, Capitulo 1). 
Normalmente para analizar la ciclicidad de una especie en un contexto determinado se 
emplean series temporales basadas en trampeos, pero en España no existen series temporales 
de larga duración, la serie temporal de mayor duración en el área de estudio empezó en 1997 
(Fargallo et al., 2009). El uso de datos procedentes de distintas fuentes permitió describir la 
evolución del topillo campesino a nivel regional y provincial de forma bastante precisa, pero 
los resultados a una escala más fina (nivel comarcal o menor) no son tan detallados. 
Analizando esos datos se encontró que las explosiones demográficas de topillo 
campesino en la Península Ibérica tenían una periodicidad de 5 años a nivel regional, aunque el 
patrón puede no ser fijo ya que hubieron explosiones en 1993 y 1997, pero no se detectaron 
explosiones entre 1997 y 2007, aunque en este caso un pico de abundancia fue registrado en 
2003-4 en la provincia de Segovia (Fargallo et al., 2009), pero con menor densidad que los de 
1997 o 2007. Información en prensa también indica que los agricultores de la provincia de 
Zamora pidieron actuaciones contra los topillos en 2004, aunque no hay otras fuentes que 
mencionen un pico de actividad en topillos para ese periodo de tiempo. La falta de explosiones 
demográficas en el periodo comprendido entre 1997 y 2007 probablemente fue debida a que 




Estos resultados expanden las áreas afectadas por ciclos multianuales de roedores en 
Europa a latitudes más meridionales de lo previamente conocido, aunque no está claro si esta 
expansión se debe a las nuevas circunstancias medioambientales o a la falta de estudios 
previos. Desgraciadamente la resolución espacial de nuestros datos fue insuficiente para 
verificar si las poblaciones ibéricas de topillo campesino presentan distintos patrones de 
ciclicidad en distintas localidades, como ha sido observado en otros países europeos (Delattre 
et al., 1999). Sin embargo, se ha sugerido, mediante datos de alimentación de lechuzas 
comunes y censos de rapaces diurnas, que tienden a concentrarse en zonas con alta densidad 
de topillos, al menos durante la invernada, que las plagas en el sur de Palencia pueden estar 
ocurriendo cada 2-3 años (Jubete, 2011). Las herramientas de monitorización tradicionales 
(trampeos) y nuevas validadas en esta tesis (métodos basados en índices) permitirán una 
mejor descripción de cómo la abundancia de topillo campesino varia en el tiempo y espacio. 
De todas formas el conocimiento de la evolución de las poblaciones de topillo campesino, así 
como de cuando es más probable que se presente una explosión demográfica de la especie, es 
útil a la hora de tomar medidas que palien los efectos de las mismas (daños en agricultura, 
asociación con epidemias de tularemia o costes asociados a las medidas de control)(Pimentel 
et al., 2000; Stenseth et al., 2003; Jacob and Tkadlec, 2010; García San Miguel et al., 2013) al 
ayudar al desarrollo de modelos que permitan predecir las explosiones demográficas de la 
especie. 
La rápida colonización de las llanuras agrícolas de CyL, de las que la especie estaba 
ausente originalmente (Luque-Larena et al., 2013 , Capitulo 1), indica que las condiciones 
ambientales en el área de estudio tuvieron que cambiar para hacer posible la colonización de 
ellas por una especie asociada a ambientes más húmedos (Gonzalez-Esteban et al., 1994; 
Amori et al., 2008). El topillo campesino no estaba aislado por barreras geográficas que al 
desaparecer permitiesen su colonización, aunque los grandes ríos de la región podrían haber 
dificultado algunas rutas de colonización, por lo tanto cambios en el clima (precipitación o 
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temperatura) o en el medio agrario (tipos de cultivos, ganadería, mecanización,…) tuvieron 
que darse para hacer posible la colonización. 
El cambio climático es preocupante para España donde se espera un aumento de la 
aridez durante el próximo siglo (Moreno, 2005b; IPCC, 2007). Este aumento de aridez amenaza 
a multitud de especies en la Península Ibérica, que verán reducido su rango de distribución o 
podrían llegar a extinguirse (Araujo et al., 2011). El topillo campesino es una de ellas, el 
incremento en aridez produciría una importante disminución en su rango de distribución que 
probablemente se vería reducido a algunas áreas montañosas de la mitad norte de la 
Península (Araujo et al., 2011). Teniendo en cuenta estos factores no esperábamos que las 
tendencias climáticas durante el periodo de estudio favoreciesen al topillo campesino. 
Nuestros resultados indican que algunas tendencias climáticas de las últimas décadas 
probablemente fueron positivas para la expansión del topillo campesino, ya que podrían 
potenciar el crecimiento de la vegetación herbácea (incremento de temperatura en invierno y 
de precipitación en otoño) y por tanto la cantidad de comida y refugio disponible. Sin 
embargo, el incremento de precipitación en otoño podría no haber sido favorable para la 
expansión ya que a mayor precipitación otoñal se reduce la probabilidad de que el siguiente 
año aparezca una explosión poblacional en las llanuras agrícolas de CyL, y las precipitaciones 
otoñales abundantes parecen no ser favorables para las poblaciones de esta especie por 
causar inundación de las huras (Arenaz, 2001). Por tanto, si las explosiones demográficas 
ayudaron a acelerar la expansión del topillo, una mayor precipitación otoñal podría haber sido 
negativa para su rápida expansión.  
Aparte del efecto poco claro de la precipitación otoñal, otras tendencias climáticas 
durante el periodo de estudio probablemente fueron negativas para la especie, ya que 
reducirían el crecimiento vegetativo e incrementarían el agostamiento de las plantas (menor 
precipitación en invierno, junto con un aumento general de la temperatura en verano 
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acompañado por la disminución de la precipitación durante esta estación). Estas tendencias 
disminuirían la disponibilidad de alimento y refugio para los topillos con efectos negativos para 
los mismos. Teniendo en cuenta los resultados potencialmente opuestos de las tendencias 
climáticas durante el periodo en que ocurrió la colonización del topillo, unido a la baja 
asociación encontrada entre la expansión del topillo y las tendencias climáticas, hace que las 
tendencias meteorológicas acaecidas en la región durante el periodo de estudio parezcan 
insuficientes para explicar la expansión del topillo campesino. Especialmente si tenemos en 
cuenta la gran variabilidad interanual que caracteriza al clima mediterráneo presente en la 
mayor parte del área de estudio, en el que la variación interanual puede superar el efecto 
acumulado de las tendencias climáticas observadas para todo el periodo de estudio. 
Por otra parte los cambios en el medio agrario fueron profundos y estuvieron 
ampliamente distribuidos en la segunda mitad del siglo XX (Evenson and Gollin, 2003), también 
en España. Desde la década de los 60, y probablemente antes, los cambios de usos del suelo 
en CyL fueron muy importantes y en nuestro estudio encontramos una gran asociación 
temporal entre estos cambios y la colonización de los ambientes agrarios por parte del topillo 
campesino. La correlación con la expansión del topillo fue especialmente clara con la 
expansión de “cultivos verdes” (regadíos y alfalfas), cuya superficie se incrementó más de un 
100% durante el periodo en que ocurrió la colonización, teniendo una relación positiva y 
significativa con la expansión del topillo en todos los niveles analizados (regional, provincial y 
de comarca agraria). La expansión de “cultivos verdes” ayudó a incrementar la superficie de 
hábitats favorables para el topillo campesino en las llanuras agrícolas de CyL, ayudándoles a 
minimizar los efectos de los veranos secos típicos del clima mediterráneo, a priori la estación 
más problemática para el topillo en las áreas recién colonizadas. También otros cambios en la 
ganadería coetáneos fueron positivos para el topillo campesino: la reducción de la cabaña de 
ganado ovino al inicio del periodo de estudio, junto con el incremento en la estabulación del 
bovino, que ocurrió en la mayor parte de CyL, ayudarían a incrementar la abundancia de 
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topillo campesino especialmente en las áreas de distribución original, y por lo tanto el número 
de individuos que se dispersarían en busca de nuevos hábitats, ya que se sabe que la reducción 
de la carga ganadera en prados y pastizales aumenta la abundancia de microtinos en los 
mismos (Torre et al., 2007; Wheeler, 2008). Finalmente, durante la segunda mitad del siglo XX, 
además de cambios en usos del suelo, también se ha tendido a homogeneizar el medio 
agrario, como evidencia el aumento en la superficie media de las parcelas asociado a los 
procesos de concentración parcelaria. Este aumento en la homogenización probablemente 
contribuyó a la expansión del topillo, ya que hábitats con menor diversidad son más 
susceptibles de ser colonizados por nuevas especies que hábitats complejos (Ligtvoet and van 
Wijngaarden, 1994). Además la simplificación del medio agrario también podría llevar 
aparejada una disminución en el número y variedad de depredadores, al disponer de menor 
número de refugios y lugares de reproducción, lo que haría menos arriesgada la colonización 
de estas nuevas áreas por parte del topillo campesino (Delattre et al., 1999; de Redon et al., 
2010). 
El conseguir predecir plagas de roedores puede reducir los daños causados por las 
mismas con el consecuente beneficio (Davis et al., 2004). Existen diferentes causas que pueden 
causar las explosiones demográficas de roedores y ser usadas para su predicción. Las 
explosiones demográficas de roedores pueden estar provocadas por condiciones climáticas en 
exclusiva, como en el caso del ratón común (Mus musculus) en Australia (Brown and Singleton, 
1999), deberse a fenómenos no ligados al clima, como los relacionados con la floración del 
bambú (Singleton et al., 2010a), o pueden no tener una relación directa con el clima, pero que 
este pueda sincronizar los eventos de plaga a nivel regional (Kausrud et al., 2007). El clima en 
CyL presenta una gran variabilidad estacional y su potencial efecto sobre las poblaciones de 
topillos puede ser estimado mediante las diferencias observadas en el índice de vegetación de 
diferencia normalizada (NVDI por sus siglas en inglés), que estima el crecimiento vegetativo en 
base a la medición por satélites de la radiación de ciertas bandas del espectro 
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electromagnético que la vegetación emite o refleja, observándose mayor crecimiento 
vegetativo en primavera y otoño que en invierno o verano. Durante el periodo de estudio se 
encontró una relación entre años de máxima abundancia de topillos y años con NVDI 
veraniego alto. En consecuencia debería ser posible predecir los picos de topillo campesino 
usando aquellos factores que favorecen altos niveles de NVDI en verano. Los factores más 
importantes que influencian el crecimiento vegetativo en la naturaleza, especialmente en 
áreas de vegetación natural o cultivos de secano son la temperatura y la precipitación. 
Al modelizar eventos de plaga de topillo campesino y su relación con factores 
climáticos se encontró que el modelo más simple indicaba que en aquellos años con 
precipitación primaveral mayor era más probable que se produjese un pico poblacional, 
probablemente debido a que el incremento en crecimiento vegetativo aumentaría la 
disponibilidad de alimento y también la cobertura frente a depredadores. Modelos más 
complejos incluían otras variables que también aumentaban la posibilidad de que se produjese 
un pico poblacional, como el incremento de la temperatura invernal o la reducción de la 
temperatura estival, ambos factores también favorables para el crecimiento vegetativo en el 
área de estudio, alargando dicho  periodo, o reduciendo los efectos negativos del estiaje, 
respectivamente. En general todos los factores incluidos en los modelos más complejos 
favorecían siempre el crecimiento vegetativo, con la excepción del NDVI otoñal. En este caso 
un pico de topillo campesino era más probable cuando en el otoño previo tenía un valor de 
NDVI (y por tanto de producción vegetal) relativamente bajo. Esta aparente contradicción 
podría ser explicada porque uno de los principales predictores climáticos del NDVI es la 
precipitación otoñal, que en los climas mediterráneos tiende a ser torrencial, y por lo tanto 
sería más probable que en un otoño con alto NDVI estuviera asociado a una alta probabilidad 
de inundación de huras de topillos, una eficaz medida de control para esta especie (Jacob, 
2003a; Haim et al., 2007). La precipitación otoñal también podría perjudicar a los topillos 
indirectamente, un otoño lluvioso produciría un mayor crecimiento vegetativo, lo que podría 
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llevar a los topillos a colonizar hábitats aparentemente óptimos (p.ej. rastrojos no labrados) 
que más adelante podrían ser labrados, destruyendo aquellas poblaciones de topillos que se 
hubiesen establecido en ellas, o una combinación de ambos factores para un efecto aun 
mayor.  
Usando las variables climáticas es posible predecir de una forma bastante acertada los 
eventos de plaga de topillo campesino, pues parece que puede producir una sincronización a 
nivel regional de este tipo de eventos (Kausrud et al., 2007). Desgraciadamente, el mejor 
predictor (lluvia primaveral) solo estaría disponible cuando el evento de plaga de topillo ya 
está produciéndose, mientras que las dos variables que pueden usarse para una predicción 
más adelantada, que permita tiempo para tomar medidas (temperatura invernal y 
precipitación otoñal),no son los más fiables. El resultado es que aunque los picos poblacionales 
de topillo campesino podrían ser predichos usando los modelos presentados, la predicción 
podría resultar en muchas ocasiones demasiado tardía como para permitir la implantación de 
medidas de control que permitiesen reducir los daños causados por el topillo campesino. 
Aparentemente, estos resultados conducen a un callejón sin salida desde el punto de 
vista de predicción fiable de la aparición de una plaga, pero recientemente se han evidenciado 
los efectos de “El Niño” en los patrones climáticos de la Península Ibérica, estando 
relacionados con algunas plagas forestales, así como la posible relación de “El Niño” con las 
explosiones demográficas de topillos en Europa. Teniendo en cuenta su periodicidad de entre 
3 y 6 años está encajaría perfectamente con la periodicidad de 5 años observada en los ciclos 
del topillo campesino en España y es una posibilidad a explorar en estudios futuros. Además, 
tampoco habría que olvidar otros factores que influencian el clima a escala regional como la 
Oscilación del Atlántico Norte, que afecta a los patrones de clima estacionales en la Península 
Ibérica y por tanto podrían afectar a los picos de población del topillo campesino. El estudio de 
los patrones climáticos globales podría ser usado para obtener una herramienta capaz de 
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predecir el riesgo de picos en la abundancia de topillo campesino en la Península Ibérica 
cuando aun es posible implementar medidas que puedan reducir o evitar el impacto de los 
mismos. 
Índices indirectos como herramientas de manejo del topillo campesino 
Las series temporales de abundancia de topillos que existen en España son muy limitadas 
tanto desde el punto de vista espacial como temporal (Fargallo et al., 2009; Luque-Larena et 
al., 2013, Capitulo 1). Un índice indirecto podría ayudar a resolver este problema, pero al inicio 
de esta tesis no se disponía de un índice indirecto validado científicamente capaz de medir la 
abundancia de topillo campesino en España. Para superar esta desventaja probamos y 
validamos un índice indirecto “Presence Signs per Square” (PSpS) basado en la 
presencia/ausencia de excrementos de topillos y pastoreo (restos de alimentación) en 
cuadrados de 30 x 30 cm. Índices similares han sido empleados con éxito en otras especies de 
microtinos (Delattre et al., 1990; Madders, 2003; Wheeler, 2008; Terraube et al., 2011). 
Descubrimos que el índice PSpS era fiable, especialmente dentro de parcelas agrícolas, siendo 
menos preciso en lindes. El índice PSpS detectaba diferencias en la abundancia de topillos 
entre diferentes hábitats con una eficiencia comparable a la obtenida con trampeos. Además 
el índice PSpS podía usarse para estimar la densidad del topillo campesino, lo que lo convierte 
en una herramienta ideal para monitorizar poblaciones de topillos a gran escala. El único 
inconveniente de este índice es que solo es fiable para densidades medias-bajas de topillo 
(hasta unos 70 topillos/ha). De todas formas este inconveniente puede considerarse como un 
problema menor, ya que el rango de densidades para el que este índice es fiable incluye la 
densidad a la que trabajos técnicos españoles indican que medidas de control del topillo 
campesino deberían ser puestas en marcha, una densidad invernal de 50 topillos/ha (Arenaz, 
2006), por lo tanto el índice PSpS puede convertirse en una herramienta fiable para la 
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monitorización y manejo de las poblaciones de topillo campesino pese a la limitada fiabilidad 
que tendría en años con elevada densidad de topillos. 
Durante la elaboración de la tesis se publicó el índice recomendado por el Ministerio 
de Medio Ambiente y Medio Rural y Marino (índice MI) (Dirección general de recursos 
agrícolas y ganaderos, 2009), y decidimos comparar su eficacia y fiabilidad con el índice PSpS. 
Dicha comparación permitió comprobar que ambos índices estaban muy correlacionados entre 
sí, algo esperable al emplear indicios de presencia similares, pero las densidades estimadas por 
cada uno eran muy diferentes, con el índice MI proporcionando unas estimas de densidad 14 
veces superiores a las de PSpS, con mayores diferencias en alfalfa y perdidos que en rastrojos. 
Las diferencias observadas en distintos hábitats probablemente son debidas a que en el índice 
MI no se consideró el muestreo de lindes, el hábitat del medio agrario con mayor actividad en 
esta especie, especialmente en rastrojos en épocas de baja abundancia de topillos (Jareño et 
al., 2014). Al haber encontrado que el índice PSpS es fiable para densidades medias-bajas 
(menos de 70 topillos/ha), todo parece indicar que el índice MI sobreestima la abundancia de 
topillos, algo que parece reforzado teniendo en cuenta que trampeos durante el mes anterior 
en la zona de estudio proporcionaron una estima de <4 topillos por 100 trampas/noche 
(autores sin publicar). La sobreestimación observada en MI probablemente fue debida a que el 
índice fue validado en condiciones de alta abundancia de topillos, por lo tanto al encontrarse 
con condiciones de baja abundancia, menos de 10 topillos/ha, el índice deja de ser fiable, 
explicando las diferencias entre las estimas de densidad a pesar de la buena correlación entre 
ambos índices. 
Este resultado remarca la necesidad de validar índices indirectos en un amplio rango 
de densidades y preferentemente en la zona a estudiar, si no ha sido adecuadamente validado 
las estimas de abundancia obtenidas podrían no ser fiables, incrementando la probabilidad de 
realizar innecesarias campañas de control, o continuar con una campaña cuando ya se ha 
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obtenido el resultado deseado (Ludwig et al., 1993; Olea et al., 2009; Embleton and 
Petrovskaya, 2013). En el caso del topillo campesino, el uso de rodenticidas anticoagulantes de 
forma general como método de control en grandes extensiones de terreno hace que toda 
campaña de control tenga un alto coste tanto económico, 15 millones de euros durante la 
plaga de 2007 (Jacob and Tkadlec, 2010), como medioambiental, consumo por otras especies 
(Sarabia et al., 2008), y envenenamiento secundario o terciario de depredadores por su 
capacidad bioacumulativa (Sánchez-Barbudo et al., 2012). Además, el uso continuado de 
anticoagulantes puede provocar la aparición de resistencias a los mismos, lo que reduciría su 
efectividad en el futuro (Song et al., 2011; Vein et al., 2011).  
Teniendo todos esos factores en cuenta, usar un índice que sobreestima en un orden 
de magnitud la abundancia de topillo a baja densidad es muy arriesgado, ya que al 
recomendarse tratamientos a partir de 50 topillos/ha en invierno sería extremadamente fácil 
aplicar tratamientos cuando no son necesarios. En esta tesis presentamos una fórmula 
alternativa para calcular densidades con MI, pero partiendo de una muestra con densidades 
tan bajas no creemos recomendable usarla para densidades estimadas superiores a los 10-15 
topillos/ha. Para utilizar el índice MI de forma generalizada sería adecuado realizar una 
validación del índice en un amplio rango de densidades. 
El índice PSpS es una herramienta de monitorización fiable para el manejo del topillo 
campesino a densidades medias-bajas, en las cuales deben tomarse decisiones sobre el uso de 
medidas de control teniendo en cuenta el coste/beneficio, pero también es necesario buscar 
herramientas más eficientes para el manejo de las poblaciones de topillo campesino. 
Depredadores aéreos como control biológico del topillo campesino 
Como hemos comentado anteriormente el uso de rodenticidas para el control de plagas 
roedores tiene numerosos inconvenientes. Los problemas medioambientales causados por los 
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productos tóxicos usados en el control químico han generado una tendencia a restringir el uso 
de agentes químicos de control, con mayor énfasis en aquellos que son poco específicos y 
tienden a bioacumularse (European Parliament and of the Council, 2006), con lo que en un 
futuro algunas de las sustancias más usadas para control de roedores podrían ser prohibidas o 
su uso quedar restringido a circunstancias especificas, por ejemplo el uso de rodenticidas 
anticoagulantes para el control del topillo campesino en campo está prohibido en Alemania 
(Jacob et al., 2013). 
Para evitar estos problemas, el manejo de plagas en base al conocimiento ecológico, 
EBPM por sus siglas en inglés, se ha convertido en una tendencia a nivel global (Pelz, 2002; 
Brown et al., 2006; Haim et al., 2007; Jacob et al., 2010). Una de las estrategias más antiguas 
para el control de roedores es el uso de sus depredadores como control biológico, 
principalmente gatos y algunas razas de perros para controlar a roedores comensales 
(Newsome, 1990; Driscoll et al., 2009). El beneficio que los depredadores aéreos pueden tener 
para la agricultura se conoce desde hace tiempo (De Segovia y Corrales, 1905), y en la 
actualidad el uso de depredadores aéreos para el control biológico de roedores ha sido 
probado con éxito para reducir el daño causado por roedores en arrozales malayos (Hafidzi 
and Mohd, 2003), en maizales de Kenia (Odhiambo and Oguge, 2003), con ratón doméstico en 
Australia (Kay et al., 1994) y con Microtus ghuenteri en Israel (Haim et al., 2007; Motro, 2011). 
Por otra parte, en los pastizales del área de distribución original (Campo Azálvaro, Segovia) se 
ha demostrado que la abundancia de topillo campesino puede estar regulada por la 
abundancia de uno de sus depredadores, el cernícalo vulgar (Falco tinnunculus), incrementada 
experimentalmente mediante la instalación de cajas nido en un área muy deforestada, lo que 
inspiró el desarrollo de este trabajo. De todas formas, también se ha demostrado que el 
control biológico no siempre ha sido un éxito y ocasionalmente después de un éxito a escala 
local al generalizarse su uso perdió efectividad (Wood and Fee, 2003). 
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En esta tesis demostramos que el uso de cajas nido como control biológico del topillo 
campesino es factible, ya que la abundancia de la especie era menor en las categorías de 
distancia más cercanas a cajas nido ocupadas y aumentaba en las categorías más alejadas 
(Figura 5.7, Tabla 5.3), confirmando los resultados obtenidos anteriormente en Campo 
Azálvaro. Sin embargo, es posible que el uso en exclusiva de cajas nido no sea suficiente para 
combatir una plaga de topillos en medio agrario, donde las superficies ocupadas por hábitat 
óptimo, como la alfalfa, son muy amplias, si no que posiblemente será necesario integrar 
distintas estrategias de manejo para lograrlo (Haim et al., 2007). Esta reducción en la actividad 
en el área más próxima a las cajas nido, unas 10 ha, es similar a la observada en otros estudios 
(Hafidzi and Mohd, 2003) y puede ser debida al efecto directo de la caja nido ocupada. No 
obstante, considerando la reducción en la abundancia de topillos en el área intermedia (Figura 
5.7), unas 80 ha, como producido solo por la caja nido ocupada sería incorrecto, pues estaría 
ignorando el efecto indirecto producido por el aumento del número de otros depredadores 
aéreos que se ha detectado en zonas con cajas (Paz et al., 2013). Este aumento está producido 
porque estos depredadores pueden verse atraídos por los postes donde están instaladas las 
cajas, en lo que podríamos denominar un “ efecto percha”, especialmente en zonas 
caracterizadas por el escaso número de lugares naturales que puedan servir como tal en estos 
paisajes abiertos y deforestados (Sheffield et al., 2001; Lihu et al., 2007).  
Sorprendentemente no encontramos una interacción significativa entre distancia a 
cajas nido y estación (Tabla 5.3), ya que esperábamos que las cajas nido ocupadas presentasen 
una mayor abundancia de topillos cerca de ellas que las no ocupadas en invierno, invirtiéndose 
esa relación en verano. Esto podría deberse a que fuesen otros factores los que influyan más 
en la selección de cajas nido para nidificar, no solo la abundancia de topillos cerca de ellas, o 
que el efecto percha de las cajas nido, que no está limitado solo a la época reproductora haga 
que la abundancia de topillos sea similar en los distintos tipos de cajas al final de invierno. 
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Durante el periodo de estudio observamos dos patrones opuestos en la evolución 
estacional de la abundancia de topillo campesino, con un año 2011 (el de mayor abundancia) 
en el que había menos abundancia en invierno (Febrero) que en verano (Agosto), un patrón 
normal para el topillo común (Jacob et al., 2013), frente a 2012 en que el patrón fue opuesto 
con mayor abundancia en invierno que en verano. Esto podría deberse a que 2011 fue un año 
de pico en la abundancia de topillo campesino, produciéndose un típico colapso poblacional 
durante 2012, lo que explicaría la menor abundancia veraniega. El efecto de las cajas nido no 
fue significativamente distinto entre años, localidades o estaciones, lo que indicaría que los 
depredadores aéreos pueden controlar de forma efectiva la abundancia de topillos en distintas 
fases de sus ciclos multianuales. 
No obstante se necesita un estudio más pormenorizado para cuantificar si el efecto 
observado sobre los topillos se traduce en una reducción de los daños causados por ellos en 
cultivos y que área alrededor de cada caja nido entra dentro de esta protección aumentada. En 
este estudio la zona de mínima actividad de topillos se encontraba en unas 10 ha alrededor de 
las cajas ocupadas, similar a otros estudios (Hafidzi and Mohd, 2003), pero la zona con 
actividad reducida abarcaba 90 ha, probablemente debido a efectos sinérgicos entre el 
conjunto de cajas ocupadas y no ocupadas. Si el efecto en la zona de menor actividad fuese 
similar al observado en Israel, donde se ha demostrado que es rentable para los agricultores la 
instalación de estas cajas para controlar los daños causados por topillos (Motro, 2011), el uso 
de cajas nido como control biológico del topillo campesino sería económicamente rentable 
para los agricultores.  
También es necesario evaluar el posible impacto de esta medida de gestión sobre las 
poblaciones de otras especies en el área de estudio que podrían servir como presa alternativa 
de cernícalos, lechuzas y otros depredadores aéreos que puedan verse atraídos por las cajas 
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nido (Paz et al., 2013), para poder realizar un análisis adecuado coste/beneficio de la 
instalación de cajas nido para control biológico de poblaciones de topillo campesino. 
Además aunque el aumento de depredadores mediante cajas nido afecta a las 
poblaciones de topillo campesino a nivel local es posible que por sí mismas no sean suficientes 
para controlar las plagas de topillos, si no consiguen reducir la amplitud de las fluctuaciones 
demográficas, ya que las poblaciones de especies presa tienden a  crecer más rápido que las de 
sus depredadores (Watson et al., 1998; Moss and Watson, 2001; Krebs, 2011), en particular 
cuando estos son especialistas, y por lo tanto el efecto del aumento de depredadores podría 
llegar demasiado tarde para prevenir la plaga, causa principal de la bajada en la efectividad de 
cajas nido como control de roedores en plantaciones del sureste Asiático (Wood and Fee, 
2003). Por lo tanto, en principio las cajas nido podrían usarse dentro de una estrategia de 
lucha combinada contra esta plaga, potenciando el efecto de medidas de manejo agronómico 
(Haim et al., 2007).  
Futuras líneas de investigación 
Los resultados de esta tesis son valiosos para un mejor conocimiento de la colonización de 
Castilla y León por parte del topillo campesino, pudiendo ser usados para mejorar la 
monitorización y el manejo de la especie. No obstante es necesario investigar más varios 
aspectos concretos: 
 Mejorar el conocimiento del papel de las lindes en la dinámica poblacional del topillo 
campesino en el área de estudio: las lindes son una de los hábitats en los que se 
detectó una mayor actividad de topillos, a pesar de ello también es el hábitat en que 
nuestro índice (PspS) fue menos fiable. Esto probablemente es debido a la gran 
variabilidad estructural de las lindes (anchura, cobertura vegetal, inundabilidad, etc.), 
unida a su también muy diversa ocupación y posible papel en la demografía durante 
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distintas fases del ciclo anual o multianual de los topillos (desde desaparición 
prácticamente total en la fase de mínimos a máximas densidades alrededor del pico 
poblacional, uso como refugio temporal en medios agrarios muy perturbados, posible 
papel como vías de dispersión, etc.). Un mejor conocimiento del papel de las lindes en 
la demografía de la especie ayudaría a mejorar el manejo de las poblaciones de 
topillos. 
 Aumentar el número de hábitats estudiados: en esta tesis las poblaciones de topillo 
campesino fueron estudiadas principalmente en tres hábitats: alfalfa, cereales (y sus 
rastrojos) y áreas con vegetación natural (perdidos, barbechos viejos, prados) un 
estudio más exhaustivo de otros cultivos en el área de estudio, especialmente cultivos 
irrigados (maíz, remolacha,...) sería necesario para mejorar el manejo de la especie. 
 Elaboración de mapas de riesgo para el topillo campesino: el conocimiento de los 
hábitats preferidos por el topillo campesino en la región de estudio es útil, pero si este 
conocimiento se integrase con otros factores ambientales y con los registros de daños 
causados por plagas de topillos en el pasado, sería posible predecir qué zonas son más 
vulnerables a los daños causados por la especie, ayudando en el manejo preventivo de 
la especie, ya que en aquellas áreas consideradas de más riesgo se podrían 
implementar medidas destinadas a reducir o evitar el impacto de las plagas de topillos 
(instalación de cajas nido, modificación del hábitat, uso de técnicas agrícolas para 
reducir la abundancia, etc.). 
 Estudio de las diferencias en dinámica poblacional entre distintas áreas de la zona de 
estudio, así como del posible papel del clima como sincronizador de los eventos de 
plaga a nivel regional: en esta tesis no hemos dispuesto de información detallada a 
escala local/comarcal de la dinámica poblacional del topillo campesino, sería 
interesante descubrir si existen distintos patrones cíclicos a escala local, al igual que se 
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ha observado en otras regiones, y comprobar si es el clima el que sincroniza las 
explosiones demográficas a nivel regional.  
 Predicción de plagas de topillos: en esta tesis hemos establecido la relación entre las 
plagas de topillo campesino y algunos factores ambientales que favorecen su aparición 
(como elevada precipitación primaveral o mayor temperatura invernal). Estos factores 
por si solos son insuficientes para poder predecir una plaga con suficiente antelación 
para poder actuar evitando los daños a la agricultura, pero el estudio de fenómenos 
climáticos a gran escala que pueden tener influencia sobre el clima de la Península 
Ibérica, como “El Niño” o la oscilación del Atlántico Norte, podrían permitir predecir la 
probabilidad de una plaga con suficiente antelación como para adoptar medidas de 
control antes de que la plaga pueda causar daños. 
 Efecto de la instalación de cajas nido en la protección de cosechas: esta tesis ha 
demostrado que los depredadores aéreos pueden servir como herramienta de control 
biológico del topillo campesino, pero no hemos medido si esa reducción en la 
abundancia de topillo campesino se traduce en una reducción local de los daños o un 
aumento de la producción cuantificable, como si ha sucedido en alfalfas en Israel, o 
que área es la que se beneficia de ese aumento de protección alrededor de las cajas 
nido. Sin esos datos es difícil decidir si la instalación de cajas nido podría ser rentable 
para los agricultores sin subvenciones, o si el efecto es suficiente como para que sea 
interesante instalarlas. 
 Efecto de las cajas nido sobre especies no diana: en esta tesis solo hemos medido el 
efecto de las cajas nido sobre el topillo campesino, pero podrían tener efectos 
negativos sobre otras especies de aves o mamíferos. Un mejor conocimiento de los 
posibles efectos que el incremento en predadores aéreos tendría sobre la cadena 
trófica en el medio agrario de Castilla y León sería necesario para hacer un análisis 
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coste/beneficio más ajustado de las cajas nido como herramienta de control para el 
topillo campesino. 
 Investigar los efectos del ganado sobre el topillo campesino: sabemos que una menor 
carga de ganado ovino beneficia a otras especies de microtinos, y pudo haber 
beneficiado al topillo campesino al inicio de su expansión, además en el área de 
estudio se ha observado que el ganado bovino reduce la abundancia de topillo 
campesino en pastos de montaña. Teniendo estos factores en cuenta un estudio más 
pormenorizado de los efectos del ganado en extensivo sobre el topillo campesino y su 
posible papel como control biológico de la especie, sobretodo en áreas de vegetación 
















1. A finales de la década de los 70 el topillo campesino aumentó su área de distribución 
en la Península Ibérica, colonizando las planicies agrarias de Castilla y León (cerca de 
50000 km2) en menos de 30 años. Desde su llegada a los paisajes agrarios, las nuevas 
poblaciones de la especie empezaron a producir explosiones demográficas periódicas, 
plagas a nivel regional, aproximadamente cada 5 años, ajustándose de forma 
estadísticamente significativa a un patrón cíclico. 
2. Las plagas de topillo campesino en Castilla y León están asociadas de forma crónica 
con el uso de veneno (en especial rodenticidas anticoagulantes) para combatirlas y con 
la aparición de brotes de tularemia en humanos (esto último desde 1997 en adelante). 
3. Los cambios observados en la evolución del clima entre 1962 y 2002 (antes y durante 
la expansión geográfica del topillo campesino) parecen insuficientes para explicar la 
expansión del área de distribución. En general, las variaciones climáticas estuvieron 
poco correlacionadas con la expansión, aunque no se descarta una influencia sinérgica 
con otros factores. 
4. Los cambios en el uso del suelo a nivel agrario en Castilla y León entre 1962-2002 
fueron profundos y algunos estuvieron fuertemente correlacionados con la expansión 
del topillo campesino, especialmente el incremento en la superficie ocupada por 
cultivos de regadío y cultivos forrajeros (cultivos verdes), en particular la alfalfa, un 
hábitat agrícola óptimo para la especie, así como con la reducción o estabulación de la 
cabaña ganadera en el área de distribución original. Esta asociación temporal entre 
expansión de poblaciones de topillo e incremento de cultivos verdes fue consistente a 
varias escales espaciales (regional, provincial y comarcal). 
5. A nivel regional (Castilla y León) las plagas de topillo campesino coinciden con años 
que presentan una  precipitación primaveral superior a la media y por tanto un mayor 
crecimiento vegetativo estival (evaluado mediante NDVI). La probabilidad de aparición 
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de una plaga a escala regional aumenta en años con primaveras más lluviosas de lo 
habitual, veranos con temperaturas relativamente bajas y tras inviernos con 
temperaturas relativamente altas.  En cambio, el otoño previo a un año de plaga 
estaba caracterizado por una producción vegetal relativamente baja. 
6. Se ha evaluado la utilidad potencial de un índice indirecto sencillo, barato y fiable para 
mejorar la monitorización del topillo campesino en grandes extensiones de terreno. El 
índice PSpS (Presence of Signs per Square) presentado en esta tesis reúne esas 
condiciones, siendo muy adecuado para monitorizar la abundancia de topillos en 
densidades medias y bajas (hasta unos 70-100 topillos/ha). Este índice está bien 
correlacionado con el índice propuesto por el Ministerio de Medio Ambiente, Rural y 
Marino, pero demuestra ser más preciso ya que no sobreestima la abundancia en 
situaciones de baja densidad. 
7. Utilizando un índice basado en PSpS como herramienta para estimar la abundancia de 
topillo campesino en áreas experimentales donde se han instalado cajas-nido para 
cernícalos vulgares y lechuzas comunes, hemos comprobado que la abundancia de 
topillos cerca de cajas nido ocupadas por estas rapaces (<180 m) era menor que lejos 
de ellas (≥ 180<540 m, ≥540 m) , lo que índica que colocar cajas nido para 
depredadores aéreos en áreas con pocos lugares naturales de nidificación puede ser 
una herramienta adecuada para el control biológico del topillo campesino a escala 
local. 
8. Los profundos cambios en la agricultura que experimentó España durante la segunda 
mitad del siglo XX, mejoraron el rendimiento de las cosechas y redujeron al mismo 
tiempo la necesidad de mano de obra. Sin embargo también produjeron una serie de 
cambios ecológicos que facilitaron la colonización de las llanuras agrícolas de Castilla y 
León por parte del topillo campesino, creando la paradoja de que un sistema diseñado 
para maximizar el beneficio del agricultor al mismo tiempo favorece a una plaga que 
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ocasionalmente puede perjudicarle de forma importante. El topillo campesino 
continuará siendo parte de los hábitats agrícolas de Castilla y León mientras las 
condiciones que le favorecen persistan, por lo tanto el impacto del topillo campesino 
debería ser tenido en cuenta en la planificación del manejo de los hábitats y paisajes 
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